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Resumen
En esta tesis se presenta el estudio de dos moléculas aceptoras de electrones bien cono-
cidas, TCNQ y F4-TCNQ, sobre grafeno epitaxial. El crecimiento y caracterización de sus
propiedades electrónicas y magnéticas se realizó mediante Microscopía y Espectroscopia
Túnel de Barrido (STM/STS) en Ultra Alto Vacío y a baja temperatura.
El grafeno epitaxial se crece sobre Ru(0001) y Ir(111) mediante descomposición térmica de
moléculas. A pesar de que en ambos casos la superficie de grafeno presenta un patrón de
moiré, estos dos sistemas son complementarios en lo que se refiere a la interacción entre el
grafeno y el metal. El balance entre las interacciones molécula-molécula y molécula-substrato
es estudiada para ambas moléculas a diferentes recubrimientos mediante STM. El grafeno
epitaxial nos permite la pasivación de la superficie altamente reactiva del metal permitiendo
el estudio de moléculas individuales prácticamente inalteradas así como la formación de
diferentes estructuras moleculares autoensambladas.
La espectroscopia túnel de barrido a baja temperatura es utilizada para dar a conocer la es-
tructura electrónica de estas capas moleculares. En el caso de las TCNQ sobre grafeno/Ir(111),
las moléculas se mantienen prácticamente neutras debido a la débil interacción con el sus-
trato. Por otra parte, en el caso de las TCNQ adsorbidas en grafeno/Ru(0001), estos experi-
mentos, en concordancia con cálculos DFT+D2, mostraron la ocupación parcial del LUMO
de la molécula de TCNQ neutra. Este orbital se divide en dos orbitales con espines opuestos,
SOMO y SUMO. El papel de la capa de grafeno es modular la hibridización entre el electrón
desapareado transferido a la molécula y los electrones de conducción del Ru, dando lugar a
un efecto Kondo dependiente de la posición de absorción. Esta dependencia es confirmada
para recubrimientos mayores de TCNQ y para moléculas de F4-TCNQ en la misma superfi-
cie. Además, el efecto combinado de la interacción atractiva entre las moléculas de TCNQ
y la ocupación parcial del LUMO da lugar a la formación de bandas intermoleculares ex-
tendidas espacialmente que permiten a las moléculas deslocalizar la carga adquirida. Estas
bandas están divididas en espín, con sólo la banda de espín mayoritaria ocupada, como re-
velaron los cálculos DFT. La existencia del correspondiente orden magnético a largo alcance
es detectado mediante experimentos de STM polarizados en espín a 4.6 K. Estos resultados
son la primera evidencia experimental y teórica de la existencia de orden magnético a largo
alcance en bandas deslocalizadas en una monocapa molecular puramente orgánica.
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Abstract
This thesis presents a study of two well-known electron acceptor molecules, TCNQ and F4-
TCNQ, deposited on epitaxial graphene. The growth and characterization of the electronic
and magnetic properties of these systems have been performed by means of Low Tempera-
ture Scanning Tunneling Microscopy and Spectroscopy (STM/STS) in Ultra High Vacuum.
A graphene layer is grown by chemical vapor deposition on Ru(0001) and Ir(111) sur-
faces. Although in both cases the graphene surface presents a moiré superstructure, these
two systems are completely different from the graphene-metal interaction point of view. The
relative strength between the molecule-molecule and molecule-substrate interactions is sys-
tematically studied for both molecules at different molecular coverages by means of STM.
The epitaxial graphene passivates the highly reactive metallic surfaces allowing the study
of almost unperturbed single molecules and the formation of self-assembly molecular struc-
tures.
Low temperature scanning tunneling spectroscopy is used to unveil electronic structure
of these molecular layers. In the case of TCNQ on graphene/Ir(111), the weak molecule-
substrate interaction keeps the molecules practically neutral. On the other hand, in the case
of TCNQ deposited on graphene/Ru(0001), these experiments, in agreement with DFT+D2
calculations, reveal the partial occupation of the LUMO of the neutral TCNQ molecule. This
orbital splits into a spin-up SOMO and a spin-down SUMO. We find that the graphene layer
modulates the hybridization between the transferred unpaired electron and the Ru conduc-
tion electrons leading to a site dependent Kondo effect. This dependence is further confirmed
for higher TCNQ coverages and for F4-TCNQ molecules on the same surface. In addition to
that, the combined effect of the attractive interaction between TCNQ molecules and the par-
tial occupation of the LUMO gives rise to the formation of spatially extended intermolecular
bands, that allow the molecules to delocalize the charge acquired. The bands are spin split,
with only the majority spin band being occupied as revealed in the DFT calculations. The
existence of the corresponding long-range magnetic order is detected by spin polarized STM
at 4.6 K. These findings are the first experimental and theoretical evidence for the existence
of long-range magnetic order in delocalized bands in a purely organic molecular monolayer.
v
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1 Introduction
The development of new organic electronic devices has generated a great deal of interest in
the last decades. Notably, the growth of organic thin films on surfaces offers the opportunity
of manufactured low cost devices with a broad range of new applications. To this aim, the
first challenge is the design and synthesize of novel organic materials with the appropriated
properties. In particular, small molecules based on carbon constitute promising building
blocks to construct advanced materials. The further step is the adsorption of these organic
precursors on solid surfaces and the investigation of the formation of long-range ordered
surface assemblies. Considering that the molecular self-assembly on surfaces is a competition
between molecule-molecule interaction and molecule-substrate interaction, a fundamental
role is then played by the choice of the surface.
The ability of the Scanning Tunneling Microscope (STM) to obtain real space images of
surfaces at atomic scale has played an important role in the understanding of basic pheno-
mena occurring on surfaces since its invention in 80s by Gerd Binnig and Heinrich Rohrer [1].
In addition, it offers the possibility to characterize the electronic and magnetic properties of
a surface by Scanning Tunneling Spectroscopy (STS) and Spin Polarized Scanning Tunneling
Spectroscopy (SP-STS). Nevertheless, one of the great attractions of the STM nowadays is
its ability to chemically identify and resolve the electronic states of organic molecules on
surfaces with intramolecular resolution. These facilities convert STM in the perfect tool for
the characterization of organic thin films and their interaction with solid surfaces. For this
purpose, it is essential to work in Ultra High Vacuum (UHV) and low temperature. UHV
environment maintains the sample surface in a known condition without contamination
during the time scale of the experiments and ensures an atomic scale control of the molecular
species. On the other hand, low temperature provides the required stability and energy
resolution for the local spectroscopy measurements.
In this thesis, we study the molecular self-assembly of well known electron acceptor
molecules, TCNQ and F4-TCNQ, on epitaxial graphene. The molecular adsorption behavior
and the electronic and magnetic properties of these systems are investigated by means of
Low Temperature Scanning Tunneling Microscopy and Spectroscopy.
The adsorption of molecules on graphene has became a very active field of research in re-
cent years, for the possibility not only of self-assemble and characterize organic thin films but
also to tailor the electronic properties of graphene. Since the isolation of a single graphene
flake by the group in Manchester in 2004, graphene has attracted a wide range of attention
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from both a fundamental point of view and technological applications. For practical applica-
tions, however, large scale graphene samples supported on substrates have to be obtained. In
this context, epitaxial graphene on metallic substrates have been demonstrated to be scalable
to large-area production. On the other hand, the appearance of moiré superstructures due
to the difference in lattice parameters between graphene and metals, converts the surface
into an ideal playground to explore the mutual interaction between organic molecules in
two dimensions. Depending on the metal, the interactions with the graphene and the final
surface morphology are different, leading to different templates. The combination of both
choices, metal and organic precursors, allows us to control the supramolecular structures
and the electronic or magnetic properties of the system. This opens the possibility to add
new functionalities to graphene.
1.1 Outline of the thesis
Motivated by this introduction, this thesis is organized as follows:
Chapter 2 gives a description of the experimental methods and set-up used in the course
of this thesis. We firstly describe the basics and operational modes of a STM. It follows an
introduction of elastic STS which provides a spatially resolved electronic map of the surface
LDOS. Taking into account that the aim of the thesis is the study of organic molecules on
surfaces we pay special attention to this particular case describing also the inelastic tunneling
spectroscopy. We also consider the use of magnetic tips to resolve the magnetic properties of
the surface by means of spin-polarized STS which is the experimental method used in the
Chap.6. The chapter concludes with an overview of the instrumentation used in details.
In Chapter 3 a brief introduction to the growth of graphene on transition metals is given.
Ultra-thin epitaxial films of graphite have been grown on solid surfaces since 1960s. However,
the characterization of these films was hampered by the experimental limitations existing at
that time. In the last years several groups have taken advantage of local probe techniques
to study the geometric and electronic structure of graphene epitaxially grown on different
metallic substrates. In particular, the most important characteristics of graphene/Ru(0001)
and graphene/Ir(111) are described as to complementary examples from the graphene-metal
interaction point of view.
Chapter 4 is devoted to the study of the adsorption of two electron acceptor molecules,
TCNQ and F4-TCNQ, on graphene growth on Ru(0001) and Ir(111). The subtle balance bet-
ween molecule-molecule interaction, attractive for TCNQ and repulsive for F4-TCNQ, and
substrate-molecule interaction will determine the molecular self assembly. The effect of these
2
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interactions on the molecular adsorption behavior is investigated by means of STM for each
molecule in graphene grown in both substrates.
In Chapter 5 a combination of STS measurements and Density Functional Theory (DFT)
calculations are used to elucidate the electronic properties of TCNQ on graphene/Ru(0001)
and graphene/Ir(111). A complete analysis from single molecules to monolayer is given in
both systems. The acquired charge and the formation of intermolecular bands in the case of
TCNQ molecules on graphene/Ru(0001) unlike graphene/Ir(111) will add new properties to
the organic layer that will be discussed in the next chapter.
Chapter 6 focuses on the magnetic properties of TCNQ molecules on graphene/Ru(0001).
We will discuss the development of magnetic moment on single TCNQ molecules on graphene/
Ru(0001) that is preserved upon monolayer formation. The appearance of a magnetic mo-
ment is verified by measuring the corresponding Kondo resonance with Local Tunneling
Spectroscopy at low temperature. We find a dependence of the Kondo effect on the adsorp-
tion site which is further confirm for F4-TCNQ adsorbed on graphene/Ru(0001). Further-
more, the existence of a long-range magnetic order on the TCNQ monolayer will be detected
by SP-STS measurements at 4 K.
Finally, the results presented in this thesis are summarized in Chapters 7 and 8, followed
by the bibliography and the list of publications.
3
4
2 Experimental Methods and Set-up
In this chapter, we review the physics, operation modes and characteristic of STM and the
experimental set-up used in the course of this thesis. Firstly, a brief introduction of the
basics of STM and the spectroscopy modes will be made followed by an overview of the
instrumentation used.
2.1 Scanning Tunneling Microscope (STM)
One of the most important scientific advance in surface physics was the invention of the STM
by G. Binnig and H. Rohrer at IBM Zürich in 1981 [1]. The STM is an imaging technique
which provides direct, real-space information about the geometric and electronic structure
of a surface with atomic resolution.
2.1.1 Basics
The operational principle of the STM is simple. A metallic tip approaches close enough to
a conducting surface in such a way that a current can flow due to a quantum effect known
as tunneling. Classically, the electrons from the tip (or the surface) cannot cross the potential
barrier between them when the energy of the electron is lower than the potential barrier
height. However according to quantum physics, electrons are described by wavefunctions
which extend into the barrier and decay exponentially with its width and height. For a small
distances between the tip and the surface, the tails of the wavefunctions overlap and the
electrons can cross the barrier. The resulting tunneling current is related with the Density of
States (DOS) at both tip and sample and is used to interpret the structure of the surface.
A schematic representation of a STM is shown in the Fig. 2.1. The tip position is controlled
by a piezoelectric elements and a feedback circuit keeps the tunneling current constant by
controlling the distance between tip and sample. Finally, a computer displays the data in
addition to controlling the feedback and the tip position. In the most common mode, the so
called constant current mode, the tunneling current is kept constant by means of a feedback
loop meanwhile the tip scans over the surface, see Fig. 2.1. From this method, a map of the
surface can be obtained registering the distance changes between the tip and surface to keep
the tunneling current constant while moving the tip along the surface. Alternatively, the
tunneling current can be recorded meanwhile the tip scans the surface at a constant height,
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Figure 2.1: Alt Schematic representation and different topographic modes of STM operation. The tip
is mounted in a piezoelectric elements for positioning and a feedback system controls the tip-sample
distance during the scan. A software displays the data in addition to controlling the feedback and the
position of the tip.
this is the so called constant height mode, but requires an atomically flat surface.
2.1.2 Theory of STM
A theoretical approach for understanding the dependence of the tunneling current on the
states of the tip and surface will be described in this subsection. Most of the theoretical
treatment to the tunneling process are based on the work of J. Bardeen in 1960 [2] to study
metal-oxide-metal tunnel junctions. In first-order Bardeen’s formalism, the tunneling current
can be written as follows:
I =
2pie
h¯ ∑µν
f
(
Eµ
)
[1− f (Eν + eV)] |Mµν|2δ
(
Eµ − Eν
)
, (2.1)
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where f (E) is the Fermi function, V is the applied voltage between the tip and the surface,
|Mµν| is the matrix element between µ states of the tip and ν states of the surface, and Eµ and
Eν are the energy of the electronic states for tip and the surface. In the Bardeen formalism,
|Mµν| depends only on the wave functions of the tip ψµ and surface ψν and can be calculated
as:
Mµν =
h¯2
2m
∫
dS ·
(
ψ∗µ∇ψν − ψν∇ψ∗µ
)
, (2.2)
where the integral is performed over any plane within the barrier. In order to obtain
a quantitative value for the tunneling current, the states ψµ and ψν have to be calculated.
In 1983, J. Tersoff and D.R. Hamann [3] developed a theory of STM based on the general
formalism describe above. They treated the surface as a normal electrode, while the tip was
modeled as a locally spherical potential well approached to the surface. Then, the surface
wave function was described in the form:
ψν =
1
Ω1/2s
∑
G
aGexp
[(
k2 + |kG|2
)1/2
z
]
exp (ikG · x) , (2.3)
where Ωs is sample volume, k = (2mΦ)1/2/h¯ is the decay length in vacuum, Φ is the work
function, kG = k‖ + G is the wave vector where k‖ is the surface Bloch wave vector of the
states and G is a surface reciprocal lattice vector. In the case of the tip, the wave function is
described by asymptotic spherical form:
ψµ =
1
Ω1/2t
ctkRekR (k|r− r0|)−1 e−k|r−r0|, (2.4)
where Ωt is the tip volume and R is the local radius located in the center of curvature of the
tip r0, and d is the distance of nearest atom approach to the surface. Expanding the tip wave
function in the same form as the surface and neglecting the possible angular dependence of
ψµ, the matrix element 2.2 can be evaluated. The result is:
Mµν =
h¯2
2m
4pi
kΩ1/2t
kRekRΨν (r0) . (2.5)
For low temperatures, if kBT is small, the Fermi function can be approximated by a step
function. Thus, substituting into 2.1 the tunneling current is given by:
I =
32pi3
h¯k4
e2VΦ2R2e2kR
1
Ωt
∑
νµ
|Ψν (r0) |2δ
(
Eµ − EF
)
δ (Eν − EF) . (2.6)
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One can introduce the concept of Local Density of States (LDOS) per energy interval for
the tip and the surface as follows:
ρs (E, r0) =∑
ν
|Ψν (r0) |2δ (Eν − EF) , (2.7)
ρt (EF) =
1
Ωt
∑
µ
δ
(
Eµ − EF
)
. (2.8)
Note that ρs (E, r0) is the surface LDOS at the tip position r0. Thus, the tunneling current
expression can be rewritten as:
I ∝∑
ν
|Ψν (r0) |2δ (Eν − EF) ≡ ρs (E, r0) (2.9)
In this approximation, the current is just proportional to the surface LDOS at the tip posi-
tion because the tip is considered atomically sharp and with a constant LDOS. This simple
model was extended by N. Lang [4], who recalculated the tunneling current considering
the tip and the sample as two planar metallic electrodes with a small bias voltage between
them and one adsorbed atom on each electrode. Including these assumptions, the tunneling
current in the energy window eV is:
I ∝
∫ EF+eV
EF
dE ρt (E− eV) ρs (E) T (z, E, eV) . (2.10)
T (z, E, eV) is a transmission coefficient for an electron in the tunnel barrier. The Eq. 2.10
highlights the difficulties in the interpretation of the STM data due to the fact that the tunnel-
ing current is a convolution of the density of states of the tip and sample modulated by the
transmission coefficients. In the next section a description of how to interpret the electronic
information will be detailed.
2.2 Scanning Tunneling Spectroscopy (STS)
Following the theoretical description of the tunneling current, it is possible to see that STM is
a powerful tool to resolve the electronic states of a surface with subnanometer spatial resolu-
tion. In that sense, the STS provides a spatially resolved electronic map of the surface LDOS.
Firstly in this section, we will describe the elastic STS technique. Because this thesis investi-
gates the adsorption of molecules on graphene, we also study the tunneling process across a
molecule and the inelastic process associated with the excitation of vibrational modes in the
molecules. Finally, we consider the use of magnetic tips to resolve the magnetic properties of
the surface by means of spin-polarized STS, to study the magnetic moment acquired by the
molecules deposited on graphene, Chap. 6.
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Figure 2.2: Energy diagram for a tunnel barrier in the constant tip LDOS approximation. (a) For
a positive bias voltage Vb > 0 and (b) for negative bias voltage Vb < 0. The size of the arrows
within the tunneling barrier sketches the dependence on the tunneling probability with the bias
voltage. (c) Schematic energy diagram for STS through a molecule and (d) the corresponding I/V
and dI/dV spectra where the molecular levels are indicated. (e) Inelastic STS energy diagram and (f)
the consequences of opening of the inelastic channel in the I/V, dI/dV and d2 I/dV2 signal.
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2.2.1 Elastic STS
As demonstrated before, the tunneling current can be calculated from Eq. 2.10. In the semi-
classical Wentzel-Kramers-Brillouin (WKB) approximation, the tunneling transmission coe-
fficient is given by:
T (z, E, eV) = exp
(
−2z
√
2pi
h¯
√(
Φs +Φs
2
)
+
(
eV
2
)
− E
)
. (2.11)
Accordingly, the transmission coefficient depends on the bias voltage V applied between
the tip and the sample being largest when E = 0 for negative bias (eV < 0) or E = eV for
positive bias (eV > 0). In Fig. 2.2a and 2.2b, the size of the arrows within the tunneling barrier
sketches the dependence on the tunneling probability with the bias voltage. For positive bias
voltage, electrons from the vicinity of the Fermi energy of the tip can cross the tunnel barrier
and go into the unoccupied states of the sample. Contrariwise, at negative voltages, the
tunnel current comes from the electrons from occupied states around the Fermi level of the
sample that go into unoccupied states of the tip. Therefore, the STM can be used in the
spectroscopy mode to access the LDOS of the sample but in an asymmetric way with more
resolution for the unoccupied sample DOS. The derivative of the current-voltage spectrum
provides a direct information of the LDOS of the surface, where at a specific point on the
surface, while the feedback is switched off, the tunneling current is recorded as a function
of a varying bias voltage, an the resulting derivative is proportional to LDOS:
dI/dV ∝ ρs (E) . (2.12)
The most common way to perform the STS experiments is the acquisition of a spatial
map of the dI/dV signal. It consists of the acquisition of a spectrum at each pixel of the
topographic image in the constant current mode. During the scan, the tip stops at each pixel
of the image and for a fixed distance between the tip and the sample determined by the set
point parameters, the feedback circuit is switched off and the bias voltage is ramped at the
same time that the current is registered. This method allows us to build real-space images of
the surface LDOS.
In the same way, we can use STS experiments to extract information about the electronic
states of molecules adsorbed on surfaces. Figure 2.2c shows the sketch of these experiments.
When a molecule is deposited on a surface, its molecular levels are generally broadened and
shifted due to the interaction with the surface. When the interaction is weak, the molecules
preserve their molecular fingerprints in such way that in the STS experiments, when the bias
voltage tunes one of the molecular orbital levels of the molecule, the resulting dI/dV spectra
will present a peak which corresponds to that molecular orbital, Fig. 2.2d. Likewise, in the
10
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topographic mode under specific bias parameters the STM images can reveal intramolecular
resolution characteristics of their molecular orbitals.
2.2.2 Inelastic STS
An intrinsic characteristic of the molecules is the molecular vibration, and inelastic tunneling
spectroscopy is a useful technique to obtain local information about the excitation processes
of a molecule. Figure 2.2e shows a schematic representation of this inelastic process. In an
STS experiment, when the applied bias voltage is higher than a quantum of vibration of the
molecule, a new channel, the inelastic channel, is opened in the tunneling process. Therefore,
the tunneling current will increase for |eV| > h¯ω because a fraction of electrons can tunnel
trough the molecule and excite its internal states. In practice, a change in the slope of the
I/V spectra occurs leading to the appearance of steps in the conductance spectra and peaks
in the d2 I/dV2 spectra as can be seen in Fig. 2.2f. The inelastic peaks in the d2 I/dV2 curves
appear symmetrically in energy around the Fermi level.
Molecular vibrations have energies in the range of a few tenths of meV and the innelastic
channel represents, in the most favorable case, less than 10 % of the tunneling current. Con-
sequently, to detect the weak d2 I/dV2 signal, a high resolution in energy and high stability
in the tunnel junction are required, or in other words, low temperatures and lock-in tech-
niques are necessary. The lock-in technique consists of adding a small ac modulation with
a frequency, higher than the frequency response of the feedback circuit, to the bias voltage.
By means of the lock-in the tunneling current, oscillating with the frequency superimposed
in the bias voltage, is detected. By applying a Fourier expansion, the resulting tunneling
current can be decomposed in the base of the applied modulation frequency ω [5]:
I (V, t) = I0(V) + ε
dI
dV
cos (ωt) +
ε2
4
d2 I
dV2
cos (2ωt) + · · · (2.13)
where ε is the ac voltage modulation with frequency ω, and t is time. The detection of
the response oscillating with frequency 2ω with a lock-in instruments will provide a value
proportional to d2 I/dV2. Experimentally, the dc signal is scanned along the energy window
of interest, searching for features in the d2 I/dV2 signal. These experiments require a very
high stability because, in order to enhance the signal to noise ratio, long integration times are
needed. Thus, low temperatures are necessary to improve the quality of the spectra as well as
to maximize the temporal averaging of the measurements. However, the interpretation of the
spectra is not straightforward because upon a molecule adsorb in a surface, the molecular
conformation may change and these perturbations may produce new vibrational states as
well as a shift of the vibrational frequencies known for the molecules in the gas-phase.
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2.2.3 Spin polarized STS
In this subsection, we will briefly describe spin polarized spectroscopy mode which offers
the possibility to investigate the magnetic properties of a surface at the atomic-scale [6]. The
combination of this technique with the previous ones will provide a complete description of
a surface.
The idea of SP-STS is to use a magnetic tip to scan a magnetic surface, as shown in Fig.2.3a.
In most cases, the magnetic tips are made by covering clean W tips with a magnetic material,
controlling the thickness, the sensitivity of the tips can be switched from in-plane to out of
plane [6]. In the representation in the Fig. 2.3b, it is possible to see how in this case the spin-
up band is different than the spin-down band resulting in a spin polarization of the tunnel
current. The polarization is defined by the difference between the number of electrons in
minority and majority bands:
Pt,s(E) =
ρ↑t,s(E)− ρ↓t,s(E)
ρ↑t,s(E) + ρ
↓
t,s(E)
. (2.14)
Considering the Eq. 2.10 as starting point and assuming a constant LDOS for the tip, D.
Wortmann et al. [7] obtained the following expression for the the tunneling conductance in
the limit of a small applied bias voltage:
dI/dV ∝ ntns (1+ PtPscosθ) , (2.15)
where nt = ρ
↑
t + ρ
↓
t and ns = ρ
↑
s + ρ
↓
s are the total density of states of the tip and the sample,
respectively. According to Eq. 2.15 in the SP-STS experiments, the tunneling conductance
depends on the spin polarized LDOS at the Fermi energy of the tip and the surface and
on the relative orientation of their magnetization axes. Thus, the intensity of the spin pola-
rized dI/dV signal will be at maximum (minimum) for parallel (antiparallel) magnetization
directions of the tip and the surface, θ = 0◦ (θ = 180◦), and it will vanish for θ = 90◦.
In order to test the magnetic sensitivity of our Fe covered tips Spin Polarized Scanning
Tunneling Microscope (SP-STM) experiments were performed on Mn thins films grown on
Fe(001) (see Fig 2.3c and 2.3d). Mn thins films grown on Fe(001) present a layered antiferro-
magnetic structure. Therefore, the surface magnetization is in opposite direction in adjacent
atomic terraces. Due to the Fe thickness used to cover the W tips, the tips are sensitive to
the in-plane magnetization. Figure 2.3c shows a topographic STM image of a screw disloca-
tion on a Mn film 7 monolayer thick. Around the screw dislocation, the local Mn thickness
increases smoothly by one atomic layer around the core of the screw dislocation. The differen-
ce in the angular orientation of the magnetization of tip and sample gives rise to a contrast
in the dI/dV map at +0.2 V in this area as expected from the layered antiferromagnetic
structure, see Fig. 2.3d.
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Figure 2.3: Spin polarized STS. (a) Schematic representation of the constant current mode for mag-
netic tip with in-plane magnetization scanning a magnetic surface with antiparallel domains. (b)
Spin-dependent tunneling in a magnetic tunnel barrier. The majority and minority electrons of the tip
tunnel into the empty majority and minority states in sample respectively. (c) An STM topographic im-
age (80× 80 nm2) of an Fe(001)-screw dislocation covered with 7 ML of Mn (Vb = −1.0 V, It = 0.5 nA).
The numbers indicate the local thickness of the Mn film. (d) Spin polarized dI/dV map at Vb = +0.2 V
measured simultaneously with the topography in (c). The maximum contrast in the dI/dV map is
as expected from the layered antiferromagnetic structure of the Mn thin films grown on Fe(001). The
image has been measured at room temperature using a W tip coated with 20 ML of Fe.
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Recently, the combination of state of the art SP-STS and spin resolved ab initio calculations
has been used to show spin contrast through single magnetic molecules [8, 9] demonstrating
the power of this technique to obtain magnetic information with atomic-scale resolution even
in organic materials.
2.3 Instrumentation
Most of the experiments shown in this thesis have been performed in a home-built UHV sys-
tem equipped with an Omicron Low Temperature Scanning Tunneling Microscope (LT-STM),
located at Scanning Probe Microscopies and Surfaces Laboratory at the Madrid Institute of
Advanced Research in Nanoscience (IMDEA-Nanoscience). This section will provide a de-
scription of the experimental set-up facilities.
2.3.1 General description
The design of the UHV system was done by Dr. Juan José Hinarejos, the details were de-
scribed in Dr. Fabian Calleja’s thesis [10] and Dr. Sara Barja’s thesis [11]. Figure 2.4 shows a
picture of the experimental set-up. The UHV system consists of a fast entry chamber, a tip
preparation chamber, a sample preparation chamber and an STM chamber. All the chambers,
except the STM chamber, were designed in-house and built in the workshop of Universidad
Autónoma de Madrid. They are mounted on an aluminum frame supported by four pneu-
matic air dampers (Newport I-2000) to reduce the coupling of vibrations from the floor. Tips
and samples are inserted (taken out) through the fast entry chamber without breaking the
vacuum of the rest of the system. This small chamber is pumped by a membrane pump
(PFEIFFER MVP 055-3) and a turbo molecular pump (PFEIFFER TMU 071P) and reach a
pressure of 10−9 mbar. A magnetic transfer bar facilitates the transfer of tips and samples
from the fast entry chamber to the tip and/or sample preparation chambers. In the follow-
ing sections, a description of preparation and STM chambers will be presented.
2.3.2 Sample preparation chamber
The sample preparation chamber is equipped with the standard UHV preparation tools:
a Quadrupole Mass Spectrometer (QMS) (PFEIFFER Prisma 80), an ion gun (SPECS IQE
11-A), gas inlets (Ar, O, N, ethylene), Low-energy Electron Diffraction (LEED), Auger Elec-
tron Spectroscopy (AES) and several evaporators. It is pumped by a turbo molecular pump
(PFEIFFER TMU 512P) backed with a 2-stage piston pump (PFEIFFER XtraDry 150-2), and
an ionic pump (Gamma Vacuum). After baking and degassing the system, the base pressure
reached is 1× 10−10 mbar. The partial pressures of residual gases are checked with the QMS.
The pressure is measured by ionization gauge tubes, Bayard-Alpert type, with tungsten fila-
ments capable of measuring pressures between 6× 10−3 to 4× 10−11 mbar.
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Figure 2.4: Picture of the UHV system.
The chamber also includes a manipulator to move the sample and the tip during the
preparation steps and for transferring it into the STM or to the transfer bar. It can move
the sample in the three spatial directions with a precision of 0.5 µm in x-y and 0.5 mm in
z, and besides, it can rotated 360◦ around the z axis. The manipulator stage is compatible
with Omicron tip and sample holders. The samples used in the work of this thesis were
cylindrical single crystal metals (diameter=5 mm, width=0.2 mm), mounted on a Ta plate
with spot-welded pieces of tantalum foil (see Fig. 2.5b).
Samples preparation consists of cycles of ion sputtering and annealing. Sputtering is per-
formed by generating an Ar+ ion beam by establishing a partial pressure of Ar in the cham-
ber (4 × 10−6 mbar) through a leak-valve and then focusing it onto the sample by an ion
sputtering gun. For an ion-beam energy of 1.5 keV, we obtain a ion current into the sample
of 10 µA. After the sputtering, an annealing treatment is necessary to recover an atomically
flat and well ordered surface. It is done by heating with electronic bombardment from a
filament located in the manipulator stage at a distance of 0.3 mm below the sample holder.
A few amps (∼ 3 A) of current in the filament and a high voltage (800 V) applied between
the filament and sample holder, lead to electron acceleration and heating of the sample. By
this method, we can reach temperatures of 1500 K in 2-3 minutes, required for cleaning the
metallic substrate and growth the graphene layers. Preliminary surface analysis methods
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Figure 2.5: Sample preparation chamber. (a) Picture of the sample preparation chamber during the
annealing process of a sample into the manipulator. (b) Picture of one of our sample holders. It consist
in a metal single crystal of Ru(0001) with a circular shape (diameter=5 mm, width=0.2 mm) mounted
on a Ta plate with spot-welded pieces of Ta foil. (c) Top-view of the manipulator end without a
sample. In the center, the filament for heating through electronic bombardment is visible.
can be done before transferring the samples to the STM chamber. Omicron SPECTRA-LEED
with AES capabilities is installed in the chamber and allows the determination of the surface
structure and chemical composition after its preparation and before the LT-STM experiments.
The chamber is also equipped with an Omicron EFM 3T evaporator and a Kentax TCE-BCS
3 cell UHV evaporator. The Omicron evaporator allows higher temperatures and is designed
for deposition of metals such as Fe, Co, Pb or Cu. The Kentax evaporator, the one mainly
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used during this thesis, allows a precise temperature control with a limit of 800 K and is
designed for molecular evaporation. This evaporator is separated from the main chamber
by a gate valve and pumped down through the tip preparation chamber. This configuration
allows the refilling or change of the molecules in the crucible without breaking the UHV of
the main chamber. It includes 3 independent and separately controllable evaporation cells
that allows co-evaporation of two material simultaneously. The molecular evaporation is
done with the sample at room temperature and a distance about 10 cm. The evaporation
temperature is kept constant (353 K for TCNQ and F4-TCNQ) meanwhile the time is varied
depending on the desired coverage. The coverage is calibrated using the STM.
2.3.3 Tip preparation chamber
The tip preparation chamber was designed to anneal the tip and coat it with different mate-
rials. It is located between the sample preparation chamber and the fast entry chamber and
is independently pumped by a similar system as the sample preparation chamber, a turbo
molecular pump (PFEIFEER TMU 261P) connected to a 2-stage piston pump (PFEIFFER
XtraDry 150-2) and a pressure sensor Bayard-alpert type (Edwards D02999380).
Our tips are made by chemically etching, with 5 M KOH, a W polycrystalline wire (purity
99.99 %) with a diameter of 0.4 mm. Then, the tip is fixed to an omicron tip holder and
introduced into the chamber on a tip carrier plate. The W tips generated by electrochemical
etching are covered with a dense oxide layer and other contaminants. To remove them, an
in-situ tip sputtering and an annealing treatment is necessary. For this purpose, a home-
built system was implemented in the chamber. Tip annealing is achieved by forming a "bad
contact" between the tip and a Ta foil (as shown in Fig. 2.6a) and passing a current through
it. Since the most resistive point is the contact itself the heating is very localized, and this
prevents damaging the tip carrier. In order to clean the tip apex, it is sputtered by Ar+ with an
energy of 2.5 keV during 30 minutes and subsequently heated. This treatment produces clean
tips and sharp enough for a normal topographic imaging and STS experiments. However,
for SP-STM experiments further tip preparation steps are required. Obtaining a tip suitable
for SP-STM experiments with high spin polarization, nondestructive magnetic imaging and
a high spatial resolution is a difficult task. The selection of the coating material and the
thickness is fundamental to obtain stable tips with non-zero magnetic moment [6]. In this
thesis, the tips were covered in-situ with approximately 20 ML of Fe sublimated from a Fe rod
(99.9 % purity) heated by electron bombardment. The evaporation rate is 1 ML per minute.
The shape of the tip before coating is decisive for the final magnetization anisotropy of the
deposited magnetic layer. Fe films on W tip apex have an in-plane anisotropy. Therefore,
sharp Fe-coated tips usually do not detect the sample’s in-plane magnetic information. To
prevent this, the Fe evaporation was performed just after the annealing treatment in order to
get a blunt tip to promote the in-plane magnetization sensitivity, as shown in the schematic
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representation in Fig. 2.6d. Special care must be taken with these tips during approaching
the surface in order to avoid a possible tip crash.
Figure 2.6: Tip preparation chamber. (a) Picture of the tip preparation chamber with the tip annealing
system in action. (b) Zoom of the W tip and a sketches of (c) normal W tip after preparation proce-
dures and (d) a magnetic tip where the magnetization distribution for a thin-film of Fe is represented.
2.3.4 Low Temperature STM chamber
The LT-STM chamber is connected to the sample preparation chamber and has its own pum-
ping system. A turbo molecular pump (PFEIFFER TMU 261P) backed by a 2-stage piston
pump (PFEIFFER XtraDry 150-2) and an ionic pump (Gamma Vacuum). The base pressure
reached is 1× 10−10 mbar although the ionization gauge tubes, Bayard-Alpert type (Edwards
D02999380), record pressures below 1 × 10−11 mbar when the temperature is stabilized at
4.6 K.
A sketch of the chamber is shown in Fig. 2.7a. The LT-STM cryostat is based on a Liquid
Helium (LHe) bath cryostat and a surrounding Liquid Nitrogen (LN2) bath, fully housed
in the UHV chamber. The LT-STM stage is located just below the cryostats and equipped
with an ultimate vibration isolation system that employs a very efficient damping system
based on the combination of spring suspension and eddy current damping, see Fig.2.7b. In
combination with the careful design of the UHV chamber and the supporting frame, the
stability is in the picometer range. The stage can be on three different positions thanks to a
lifting mechanism. In the cool position, the stage is in direct thermal and mechanical contact
with the base of the LHe cryostat, guaranteeing fast cooling down. The tip and sample ex-
change should be done in the intermediate position where the STM is locked but with some
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freedom of movement. Finally, the stage can be released into the eddy current damping
system for the STM experiments. With this cryogenic and isolation system, the LT-STM can
work at 4.6 K during 28 h. The LT-STM is equipped with a low noise preamplifier SPM PRE
4 able to work with currents between 1 pA and 330 nA with an excellent signal-to-noise ratio.
The tip and sample transfer from manipulator into the STM is done using a UHV wobble
stick. Besides, samples and tips can be stored in a carousel located in the UHV chamber with
6 storage positions.
Figure 2.7: (a) Sketch of the LT-STM chamber. (b) Picture of the LT-STM stage from www.omicron.de.
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This chapter gives an introduction to the growth of graphene on transition metals. After
some remarks of the history of graphene on metallic surfaces, we present an overview of the
most important studies on the particular cases of graphene/Ru(0001) and graphene/Ir(111).
These two systems are completely different from the graphene-metal interaction point of
view, graphene on Ru(0001) can be considered as a model of strong interaction and graphene
on Ir(111) as a weak interaction system, while the difference in the lattice parameter between
graphene and the metal is similar.
3.1 A brief history of graphene-metal interfaces
Graphene is one of the most promising materials nowadays. There are several routes to fa-
bricate graphene, one of them is the growth of a graphene layer on metals which has been
studied for quite some time in surface science [12–14]. The formation of graphene layers
was firstly observed after high temperature annealing of single crystals like Pt(100) and
Ru(0001) [15, 16]. The origin of this graphitic layers was the segregation of carbon impurities
from the bulk of the metal. The first experiments explicitly designed to grow these carbon
layers were carried out in 1960s [17] and they consisted in exposing several substrates to
hydrocarbon gases as benzene, ethylene and methane. The result was the dehydrogenation
of hydrocarbons and the formation of ultra-thin epitaxial films of graphite on transition
metal surfaces.
Figure 3.1: Schematic review of what was previously known about the adsorption and decomposition
of ethylene on Pt(111). Image taken from [13].
During the ’70s and ’80s, there were a lot of studies focused on the influence of surface
carbon on the catalytic activity of transition metals, the vibrational properties of the graphene
films including the phonon dispersion relation and its modification by the intercalation of a
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third material between the graphene overlayer and the metallic substrate, and the appearance
of moiré superstructures. All these properties were investigated by means of High-Resolution
Electron Energy-Loss Spectroscopy (HREELS) and Ultraviolet Photoelectron Spectroscopy
(UPS) together with X-ray Photoelectron Spectroscopy (XPS), LEED and STM. For instance,
the temperature dependence experiments of ethylene adsorption in Pt(111) by STM and
LEED were able to clarify what is the critical temperature for the graphite layer formation
(Fig. 3.1).
The experiments mentioned above paved the way for the new studies of the structural and
electronic properties of graphene grown on metallic substrates [18–20] that appears after the
work done by Geim, Novoselov and co-workers [21]. Graphene grown on metallic substrates
is an efficient way to produce large graphene samples with a high structural quality which
is a requisite for most practical applications. From a fundamental point of view graphene
grown on metallic substrates is a very interesting system because, depending on the metallic
substrate, the chemical interaction with the graphene layer is different and, accordingly, the
graphene properties are modified.
Figure 3.2: C 1s photoelectron spectra taken in normal emission from monolayer graphite ad-
sorbed on several lattice mismatched transition metal surfaces. Photon energy is 400 eV. For
graphene/Ru(0001) the Ru 3d signal is subtracted. The C 1s photoelectron spectrum from HOPG
is shown for comparison. Schematics illustrate resulting graphene morphology. Figure taken from
[22].
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Photoelectron Spectroscopy (PES) and Near-Edge X-ray Adsorption Fine Structure (NEX-
AFS) experiments on graphene grown on the series Pt(111)-Ir(111)-Rh(111)-Ru(0001) surfaces,
reveal that the carbon’s chemical interactions are different along the series. The degree of in-
terfacial orbital hybridization between graphene and metallic states is rising in the series
due to the reduction of the d band occupancy of the metals [22]. Figure 3.2 shows the C
1s photoelectron spectra for graphene/metal systems compared with a spectrum measured
on Highly Oriented Pyrolytic Graphite (HOPG). The C 1s photoelectron spectrum of HOPG
presents only one component at 284.23 eV, the same occurs for graphene on Pt(111) and
Ir(111) where the spectra show only one peak shifted in energy as is expected for a different
carbon environments and a small charge transfer between graphene and the metallic sub-
strate. On the other hand, for graphene/Rh(111) and graphene/Ru(0001), the C 1s line splits
in two different components with energy separations of 0.53 and 0.60 eV, respectively. This
splitting is attributed to the presence of two types of carbon atoms, one weakly bound to the
metal atoms and another one strongly bound, as a consequence of the spatial corrugation
of the graphene layer and the incommensurate registry between the graphene lattice and
the metallic one. The spatial corrugation and the incommensurate registry are due to the
difference in lattice parameters between graphene and the metallic substrate which leads to
the formation of a moiré superstructure, the superposition of two lattices with different peri-
odicities that generates a third periodicity that is known as moiré pattern. Hence, graphene
grown on most metals presents a moiré pattern. The following sections will give a detailed
description of two different systems, graphene/Ru(0001) and graphene/Ir(111).
3.2 Graphene on Ru(0001)
The graphene/Ru(0001) system has been investigated by STM [19, 23–25], LEED [26] , XPS
[22], X-ray Diffraction (XRD) [27, 28], Photoemission of Adsorbed Xe (PAX) [29], Helium
Atom Scattering (HAS) [30] and DFT [31–33]. In this section, we will describe how we grew
graphene on Ru(0001) and the fundamental geometric and electronic properties of the sys-
tem.
3.2.1 Graphene preparation on Ru(0001)
The substrate is a single crystal of Ru exposing the (0001) surface, which was cleaned in
UHV by ion sputtering and annealing to 1400 K. The ion sputtering was made by Ar+ ions
(E= 1.5 kV and P= 2× 10−6 mbar) in normal incidence to the surface and the annealing
by electron bombardment. Following this treatment, the ruthenium surface was exposed to
an oxygen partial pressure of 6× 10−7 mbar for 2 minutes (32 L) while the sample was held
at 1150 K. The objective of this oxygen treatments is to remove carbon impurities segregated
from the bulk. After this treatment the sample heating was switched off leaving the sample
23
3 Graphene on metallic substrates
to cool down under the oxygen partial pressure for 5 minutes. During this cooling process,
an oxygen 2× 2 superstructure forms on the Ru(0001) surface protecting it from further con-
tamination [10]. Once the pressure in the chamber was recovered the sample was flashed
at 1400 K to remove the oxygen from the surface leading an atomically clean and ordered
Ru surface. The graphene samples are then grown by thermal decomposition of ethylene.
The Ru crystal, kept at 1150 K in UHV, was exposed to a partial pressure of ethylene of
10× 10−8 mbar for 10 minutes (48 L). The ethylene molecules reach the surface and dehydro-
genate, the hydrogen atoms desorb and carbon atoms diffuse on the surface and form the
graphene layer. As a result of this procedure, large domains of graphene are grown on the
surface as shown in Fig. 3.3.
Figure 3.3: (a) A 200 × 200 nm2 STM image of graphene on Ru(0001). The color scale has been
adjusted independently on every terrace. The green circle encloses a subsurface argon bubble in
the Ru(0001) substrate. The inset shows the FFT of the image showing the existence of a single
hexagon and well-defined spots, a clear indication of long-range order on the moiré superstructure.
(b) Atomically resolved STM image (13 × 13 nm2) of the complete graphene monolayer grown on
Ru(0001) recorded at 4.6 K in an area free of defects (Vb = −1 mV, It = 1 nA). The green dotted line
in the topographic image follows the high-symmetry direction of the C atomic rows in the graphene
layer. The blue dotted line shows the direction of the moiré superstructure. Images taken from [30].
3.2.2 Characterization of graphene/Ru(0001)
As it was previously discussed, the difference in lattice parameters between graphene (0.246
nm) and ruthenium (0.271 nm) causes the appearance of a moiré pattern, resulting in the
formation of a periodic bright protrusions separated by 2.93± 0.08 nm. Figure 3.3a shows an
STM image of a single domain with a lateral size of 200 nm. All the bumps in the terraces
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are aligned as shown by the hexagonal pattern in the two-dimensional (2D) Fast Fourier
Transform (FFT) of the image shown in the inset. The only defects present in the image are
bubbles of argon (green circle) buried in the Ru substrate during ion bombardment of the
crystal [34, 35] that appear as cloudy regions. In the atomically resolved images recorded
on these highly perfect graphene overlayers (Fig. 3.3b), we can notice a rotation between the
moiré superstructure and the graphene lattice. The green dotted line indicates the high sym-
metry [1120] direction of the carbon lattice and the blue dotted line the corresponding high
symmetry direction of the hexagonal moiré pattern. They are clearly rotated with respect to
each other by (4.5± 0.5)◦. As discussed by N’Diaye et al. [18], the moiré pattern magnifies
the rotation between the atomic lattices and allows us to determine small rotation angles
between the atomic lattices from STM images. If ϕgr,Ru is the angle between the graphene
atomic lattice and the ruthenium one, and ϕgr,moiré the angle between the graphene atomic
lattice and the moiré, considering the difference between lattice parameters and assuming
no distortion in the atomic lattice parameter for graphene and ruthenium, it is possible to
find the following relation:
ϕgr,moiré = 9.96 ϕgr,Ru . (3.1)
Therefore, the carbon atomic direction [1120] is rotated by 0.5◦ respect to the ruthenium
direction [1010]. This misalignment might be the explanation for the contradiction between
the periodicity C(25× 25)/Ru(23× 23) [27] obtained with XRD by measuring the deformation
of the last ruthenium layers and the moiré periodicity C(11× 11)/Ru(10× 10) obtained from
the STM images [19]. However, all the important features of this surface are present in the
C(11× 11)/Ru(10× 10) unit cell. Figure 3.4 shows a scheme of such unit cell, the color code
indicates the relative height of the carbon atoms. Depending on the registry of the graphene
honeycomb ring with respect to the ruthenium atoms, we can distinguish four areas: atop,
fcc, hcp and bridge (area between the fcc and hcp regions). In the atop areas no carbon atoms
are placed on top of the Ru atoms contrary to the fcc and hcp areas where carbon atoms from
one of the triangular sublattices of graphene are placed just above a Ru atom. The carbon
atoms located on top of Ru atoms are chemically bonded and appear dark in the atomic
resolution STM images, whereas the non-interacting atoms appear bright (Fig. 3.4) [36]. This
effect allows us to distinguish between these two areas. In the rest of the thesis, hcp and fcc
regions will be depicted in blue and red triangles respectively.
As can be seen in Fig. 3.4, there is a spatial modulation in the interaction between the atoms
of carbon and Ru, going from no interaction in the high areas to strong interaction in the low
ones [22]. This spatially modulated chemical interaction, in turn, modulates the electronic
structure of graphene. Figure 3.5 shows spatially resolved dI/dV tunneling spectra and
maps close to the Fermi level measured at 300 K by A.L. Vázquez de Parga et al. [23]. The
experiments are compared with model calculations for an isolated graphene layer in which
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Figure 3.4: Calculated ground state geometry of graphene/Ru(0001) with C(11× 11)/Ru(10× 10)
periodicity. C atoms of the graphene monolayer are printed in different colors depending on their
relative height, while Ru atoms are printed in grey. Four different regions can be distinguish depend-
ing on the position of the carbon atom ring with respect to the second ruthenium layer: atop, hcp, fcc
and bridge (area between the fcc and hcp regions). A STM image with atomic resolution (8× 5 nm2,
Vb = −1 mV, It = 1 nA) is shown. The color dots indicate the positions of the carbon atoms visible
that correspond to the nonbonding ones [33]. Blue and red triangles indicate the hcp and fcc regions,
respectively.
the effect of the substrate has been considered to result in: (i) a shift of the Dirac point
by −0.3 eV due to doping; (ii) the introduction of a finite lifetime caused by hybridization
of the orbitals with the band of the substrate; and (iii) a (11× 11) periodic potential. The
experimental dI/dV spectrum, which is proportional to the LDOS, and the calculations
show that the occupied LDOS close to the Fermi level is larger on the high regions of the
moiré, while the empty LDOS is larger at the low regions of the graphene layer (Fig. 3.5b and
3.5c). This effect is extremely robust and indicates that the valence band is depleted in the low
areas, while the conduction band is depleted at the high parts of the graphene layer. Thus,
graphene/Ru(0001) surface presents inhomogeneneties in the charge distribution around the
Fermi level producing an ordered array of electron pockets, as can be visualized in the real
space in the dI/dV maps of Fig. 3.5a.
The electronic effects are also behind the change in the apparent corrugation of the STM
images with the bias voltage. Figure 3.6c shows STM topographic images recorded at rep-
resentative sample biases measured at 4.6 K. A defect in the superstructure, encircled with
blue, provides an absolute reference against possible drift between the images. The blue
line highlights that the regions visualized as bumps at negative sample voltages (occupied
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Figure 3.5: (a) The left and right images in the upper panel are maps of dI/dV at −100 mV and
+200 mV and reflects the spatial distribution of the LDOS below and above the Fermi level, respec-
tively, for an extended graphene layer on Ru(0001). The central image shows the topographic image
recorded simultaneously. (b) dI/dV curves recorded at 300 K on the higher (blue curve) and lower
(red curve) areas of the rippled graphene monolayer. (c) Calculations of the spatially resolved LDOS
for an isolated, (11× 11) periodically corrugated graphene layer. The spectra correspond to the high
(blue curve) and low (red curve) regions of the rippled graphene layer. Figure adapted from [23].
states), are seen as depressions at +2.8 V (empty states). When imaging occupied states, the
apparent corrugation is rather constant (∼ 1 Å), as expected because electrons at the Fermi
level represent the larger contribution to the tunneling current, but the corrugation decreases
continuously when injecting electrons in the empty states of graphene and becomes negative
above +2.6 V. This behavior is fully reversible. A comparison between experimental results
obtained for different experimental conditions and DFT calculations is shown in the plot
Fig. 3.6b. The apparent corrugation calculated by including (excluding) van der Waals (vdW)
corrections is in good (poor) agreement with that observed in STM experiments. The effect
of vdW or dispersion forces plays a crucial role in this system and they are responsible for
a reduction of 25% in the apparent corrugation of the moiré pattern. The value of the real
corrugation and the origin of the high apparent corrugation in the STM images have been
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Figure 3.6: (a) Calculated ground state geometry of graphene/Ru(0001) and reconstruction of Ru top-
most layer. Residual forces (arrows) acting on the C atoms of the graphene layer at the DFT+D2/PBE
level (top) and when the correction due to dispersion forces is removed (bottom). (b) Variation of the
apparent corrugation with bias voltage. Black dots: experimental results obtained with many differ-
ent experimental conditions (tip, tunneling current, samples and temperature). Red dots: theoretical
results with vdW correction. Green dots: idem without vdW corrections. (c) Topographic STM images
at three selected sample bias voltages. [33, 37]
controversial. A summary is shown in Table 3.1. The calculated corrugation including vdW
(1.195 Å) lies in between the values proposed in LEED and Surface X-ray Diffraction (SXRD)
experiments and is higher than that inferred from HAS. The reason for the latter discrepancy
is unknown. Interestingly, the role of the vdW interactions in the low areas of the moiré is
weaker than in the high areas as a consequence of the rather strong covalent interaction be-
tween C and Ru atoms in this region. As proved by the minimum Ru-C distance which is
only 0.105, 0.035, and 0.038 Å smaller than that obtained without vdW corrections in [31, 38]
and the present work, respectively, for the same unit cell.
The modulation in the chemical bonding between graphene and ruthenium within the
moiré unit cell modifies the surface dipole that has a direct influence on the surface potential.
The modulation in the surface potential has been explored by means of PAX [29] and STS
and first-principles calculations [37]. The PAX technique is based on the idea that the binding
energy of the core or valence levels of physisorbed Xe on a surface depends on the value of
the surface potential of its adsorption site [39]. Figure 3.7 shows the results of photoemission
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Technique Corrugation Reference
STM 1.1 Å (−0.8 V) − 0.5 Å (+0.8 V) [19, 23–25]
HAS 0.15 − 0.4Å [30]
LEED 1.5−Å [26]
SXRD 0.82 − 1.5Å [28]
DFT 1.19 − 1.7Å [31, 33, 38]
Table 3.1: Geometric corrugations obtain for different techniques on graphene/Ru(0001).
from adsorbed xenon on graphene/Ru(0001) where two Xe 5p1/2 lines, separated by 240 meV,
are present. This is a clear indication of a corrugated electrostatic surface potential.
The energy position of the Field Emission Resonances (FERs), which are detected by STM
when applying voltages larger than the work function of the sample, presents a strong spatial
variation of the order of 0.25 eV in the surface potential values depending on the position in
the moiré pattern. Theoretical calculations not only reproduce this shift in energy but also
identify the electronic state responsible of the contrast inversion in the STM images for bias
voltages higher than +2.6 V. This peak appears in the dI/dV spectra at +3.0 V only in the
lower areas of the moiré. Its origin is traced back to the hybridization and confinement of
a Ru(0001) surface resonance with the unoccupied density of states of graphene [11, 37]. In
summary, this periodically rippled graphene on Ru(0001) behaves as a superlattice of shallow
attractive potentials for electrons injected in the energy range of the first image states, with
both quantum dot-like, spatially localized electronic states [11].
Figure 3.7: Xe adsorption on graphene/Ru(0001). (a) Calculated electrostatic potential map
3.8 Å above the outermost carbon atoms, (b) and (c) He Iα excited Xe 5p1/2 spectra for two Xe cover-
age during thermal desorption. At high coverage two spectral components may be distinguished. (d)
Spectral weights of the two Xe species as a function of temperature. Blue open circles stand for the
high binding energy and red open diamonds for the low binding energy component. Image taken
from [29].
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3.3 Graphene on Ir(111)
Unlike ruthenium, iridium presents a very low solubility of C in bulk. It means that the
growth of graphene on Ir(111) can not be produced by impurity carbon segregation. Besides,
the weak interaction between the Ir(111) surface and graphene give rise to the appearance of
several moiré superstructures and characteristic defects when growing graphene on iridium
making the temperature a crucial parameter in the graphene production. The different moiré
superstructures, defects and electronic properties will be discussed hereafter.
Figure 3.8: STM image (32× 32 nm2, Vb = 1 V, It = 15 nA) of the (10× 10) moiré pattern of graphene
epitaxially grown on the Ir(111) surface. The image has been differentiated along the x-direction.
The inset (5 × 5 nm2, Vb = 2 mV, It = 100 pA) shows an atomically resolved image of the moiré
superstructure. Red and blue triangles mark the two halves of the unit cell with a different stacking
sequence (hcp and fcc). [40]
3.3.1 Graphene preparation on Ir(111)
The Ir(111) surface was prepared by several cycles consisting of sputtering by a 1.5 keV
Ar+ ion beam and followed by flash annealing of the Ir crystal at 1500 K. This treatment
is enough to obtain a clean Ir(111) surface. In this case, no oxygen exposure is required
because, as it was previously mentioned, the Ir crystal does not contain carbon impurities.
The graphene layers were grown by thermal decomposition of ethylene during 4 minutes
at a partial pressure of P= 10× 10−8 mbar (19.2 L) and substrate temperature above 1200 K.
Then, we flashed the surface to 1400 K. The result is an almost complete graphene monolayer
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where a number of rotation domains are found with the (10× 10) moiré being the most com-
mon structure [11]. Figure 3.8 shows a long range STM image of graphene/Ir(111) surface
grown by this procedure.
3.3.2 Characterization of graphene/Ir(111)
E. Loginova et al. [41] studied in detail the atomic structure of four different moiré super-
structures of graphene on Ir(111) by means of Low-Energy Electron Microscopy (LEEM),
LEED and STM. Previously, N’Diaye et al. [42, 43] reported the formation of well-ordered do-
mains of a moiré superstructure with a periodicity of 9.32 Ir lattice constants. This structure
corresponds to a perfect alignment, 0◦ rotation (R0) between the graphene layer and a cho-
sen in-plane direction of the Ir(111) surface, and can be identified with C(10× 10)/Ir(9× 9)
periodicity.
Figure 3.9: (a) Atomic resolution STM images of a monolayer of graphene/Ir(111) where a boundary
between two rotational domains is visible (13× 7 nm2, Vb = 10 mV, It = 600 pA). STM images (11×
11 nm2) of (b) R30 domain (Vb = 10 mV, It = 600 pA) and (c) R0 domain (Vb = −1 V, It = 50 nA).
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In our samples, we found long domains of the latter structure (Fig. 3.8) and small patches
of another moiré superstructure which corresponds to a periodicity of C(2 × 2)/Ir(1 × 1)
and a rotation of 30◦ (R30) between the graphene and Ir(111) high symmetry directions. In
Fig. 3.9 both structures are visible. The (10× 10) moiré (Fig. 3.9c) presents a small corrugation
of 30 pm with a 2.45 nm periodicity and is visualized by STM as an hexagonal array of
protrusions or holes depending on the tunneling parameters [42]. While, the (2× 2) moiré
(Fig. 3.9b) is far less corrugated, only 16 pm, and presents a lateral periodicity of 5 Å.
Henceforth, we will discuss in detail the (10× 10) moiré because it is more abundant on
our samples. This superstructure has been previously used as a template for metal cluster
growth [18, 44]. The (10× 10) moiré presents a preferential adsorption site that is related to a
specific registry between the carbon and the iridium atoms. The registry is similar to the one
for the graphene/Ru(0001) system as can be seen in Fig. 3.10. For instance, in the atop areas
a honeycomb carbon ring is centered above an iridium atom. In the other configuration a
carbon atom sits on top of an iridium atom, situating its three neighbors in threefold hollow
sites on the Ir(111) surface. These areas correspond to the hcp and fcc regions, depending on
the position of the honeycomb ring with respect to the second iridium layer.
Figure 3.10: (a) Unit cell of the (10× 10) superstructure of graphene/Ir(111) surface where the carbon
atoms correspond to yellow balls and the iridium ones are the gray balls. The darker shades of gray
represent the second and third layers of the iridium substrate. We can distinguish three different
regions: atop (white arcs in the corners of the unit cell), fcc (dashed circle) and hcp (dotted circle).
Image taken from [43]. (b) 7.4 × 6.5 nm2 3D topographic image of graphene/Ir(111) showing the
moiré modulation with the atomic corrugation superimpose (Vb = 0.3 V, It = 100 pA).
This huge unit cell was studied from a theoretical point of view firstly by Feibelman [45].
In his calculations nonlocal-correlation effects responsible for the vdW interactions were
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not included. Nevertheless, the calculations were enough to explain the origin of the ex-
perimentally observed metal cluster pinning [18, 44] to the graphene moiré but they are
questionable due to the tendency of exchange-correlation functionals (Local Density Ap-
proximation (LDA)) to overestimate the binding energies. Recently, using state of the art cal-
culations, it has been shown that including the vdW interaction allows an accurate picture
of graphene/Ir(111) system [46]. Contrary to the previous calculations, it has been demon-
strated that the binding between graphene and iridium is not pure physisorption, but che-
mically modulated. In the hcp and fcc regions a small charge transfer occurs leading to a
shift of the Dirac point of 0.2 eV above EF in agreement with the experimental values [47]. In
conclusion, graphene/Ir(111) system presents a small charge accumulation across the moiré
unit cell between Ir substrate and graphene C atoms, signaling a weak bond formation.
Figure 3.11: (a) LEEM image (field of view: 10 µm, electron energy: 2.8 eV) of a graphene flake on
Ir(111) at room temperature. (b) STM topography (240× 240 nm2) of the same surface with a wrinkle.
The bright line corresponds to the profile given in (c). Figure taken from [48].
An experimental evidence of the weak interaction between graphene and iridium, apart
from the observation of several moiré structures, is the appearance of wrinkles during the
growth process. Figure 3.11 shows a graphene/Ir(111) surface with several wrinkles mea-
sured by A. T N’Diaye et al. [44]. The left panel shows a LEEM image of a graphene flake on
Ir(111) where branched lines defects are visible. The authors identify these structures with
wrinkles of the graphene layer due to the fact that the wrinkles never appear in the bare
Ir(111) surface. The middle panel corresponds to a STM image of the same surface where
a long line defect is shown. In our samples, we too found this kind of defects. The origin
of these wrinkles has been explained to be the difference in the thermal expansion coeffi-
cients of graphene and iridium [41, 48]. When graphene layer is formed at 1300 K is flat on
the Ir(111) but when the system cools down, Ir contracts by 0.8 % while graphene does not
change its lateral size, forming wrinkles with the extra material. Such defects have not been
reported in strongly interacting systems like graphene/Ru(0001).
33
3 Graphene on metallic substrates
Figure 3.12: (a) ARPES spectrum of clean Ir(111) and of graphene cover with Ir(111) at the same and
different azimuth angle. (b) Brillouin zone of the Ir(111) surface and graphene lattices. Open dots
denote the vertices of Dirac cones replicated by moiré reciprocal vectors. Figure taken from [47].
Concerning the electronic structure, graphene on Ir(111) is close to freestanding graphene.
A proof of this is that Dirac cone, graphene’s most relevant intrinsic signature, is preserved
[47]. Figure 3.12a shows the Angle-Resolved Photoemission Spectroscopy (ARPES) spectra of
clean Ir(111) and graphene/Ir(111) along Γ-K-M, where the graphene Dirac cone is expected.
The main features of graphene/Ir(111) spectra are the presence of a shifted Dirac cone due to
the p-type doping and the opening of minigaps in the cone due to the moiré superperiodicity.
The appearance of these minigaps can be understood with the Fig. 3.12b where the Brillouin
zone of graphene and Ir(111) is drawn. The superperiodicity of the moiré lattice gives rise
to the formation of replica cones and minigaps at the Bragg planes between the primary
and replica cones. These features prove the long-range structural quality and uniformity of
epitaxial graphene/Ir(111).
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3.4 Conclusions
In this chapter, the growth of graphene on two metallic substrate, Ir(111) and Ru(0001), have
been discussed. In both cases, the graphene was grown by chemical vapor decomposition of
ethylene on the hot metallic surfaces. The results are long-range domains of highly-perfect,
periodically rippled graphene. The different interaction of the graphene overlayer with the
ruthenium and iridium leads to different electronic properties on the graphene layer.
In the case of graphene/Ru(0001), the graphene monolayer presents a hexagonal array of
bumps with an average separation of 3 nm. This geometric modulation of the surface gives
rise to the appearance of charge inhomogeneties on the moiré superstructure, observed with
spatially resolved dI/dV maps and confirmed with a simple theoretical model. The apparent
corrugation of the moiré pattern presents a strong variation with the bias voltage applied
between the tip and the sample. STS experiments and DFT calculations suggest that the vari-
ation with bias voltage is due to a strong electronic effect. The value of the real geometric
corrugation is still a subject of controversy. Finally, the exploration of the electrostatic poten-
tial energy landscape by PAX and STS indicates a modulation of the surface potential for
graphene/Ru(0001).
For graphene/Ir(111) the graphene layer remains almost flat and its electronic structure is
almost unaltered. The weak interaction leads to the formation of several rotational domains.
In our samples, we found long areas of a 2.5 nm hexagonal periodicity that correspond to
a (10 × 10) moiré and small patches of (2 × 2) moiré structure. In both cases, the super-
structures are less corrugated than graphene/Ru(0001) and the apparent corrugation does
not change with the bias voltage, highlighting the almost negligible interaction between
graphene and iridium. Moreover, LEEM and STM experiments show the formation of wrin-
kles in the graphene layers during the cooling process. These defects are not observed in
systems with a strong interaction between the graphene overlayer and the metal surface.
They are related to the difference in the thermal contraction of the Ir substrate relative to the
graphene layer during the growth process at high temperature. To conclude, a description of
the electronic structure of the system was done based on the result of ARPES experiments.
These measurements show that graphene/Ir(111) presents a shifted Dirac cone due to the
slightly p-doping by the substrate comparable to the freestanding graphene.
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In this chapter, we study the adsorption of two electron acceptor molecules, TCNQ and
F4-TCNQ, on graphene grown on Ru(0001) and Ir(111). As it was discussed in the previ-
ous chapter, both surfaces exhibit a moiré pattern, but their electronic and surface potential
modulation due to this geometric corrugation are completely different. Graphene grown on
Ru(0001) presents a sizeable modulation in its electronic properties due to the spatially mod-
ulated interaction between the graphene overlayer and the Ru(0001) substrate. Contrary, the
electronic properties of graphene on Ir(111) are uniform along the moiré unit cell. TCNQ and
F4-TCNQ are well known electron acceptor molecules. The main difference between them is
the substitution of the four hydrogen atoms in the central ring of the TCNQ molecule (see
Fig. 4.1a) for four fluorine atoms in the F4-TCNQ. This substitution modifies the expected in-
termolecular interaction been attractive for TCNQ and repulsive for F4-TCNQ. Considering
than the molecular self-assembly on surfaces is a competition between molecule-molecule
interaction and molecule-substrate interaction, the relative strength of these interactions on
the molecular adsorption behavior is investigated for each molecule in both surfaces.
4.1 TCNQ
TCNQ (Fig. 4.1a) is formed by a central quinoid ring surrounded by four hydrogen atoms
and two dicyanomethylene termination groups (C(CN2)). Figure 4.1b and 4.1c show the
frontier molecular orbital for TCNQ molecule in the gas-phase, Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) respectively. The main
difference between them is the node that appears in the middle of the molecule in the LUMO.
Figure 4.1: (a) Chemical structure of TCNQ molecule (dark blue = nitrogen atoms, gray = carbon
atoms, white = hydrogen atoms). Frontier molecular orbital of TCNQ in gas-phase, (b) HOMO and
(c) LUMO.
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TCNQ is a well known electron acceptor molecule and has the capability of taking up
to two electrons in gas-phase. The extra electrons are efficiently delocalizated in the central
ring which loses the quinoid character increasing the aromaticity. This charge transfer pro-
cess may come from a counterpart molecule developing Charge Transfer Complexes (CTC)
[49], from a transition-metal ions in the metal coordination frameworks [50, 51] or from a
surface-molecule interaction [52–54]. Regarding to the last case, previous STM experiments
show that when it is deposited on a metallic surface, the electronic structure of TCNQ is
strongly perturbed by the surface electrons. In the case of TCNQ on copper, due to the
strong interaction between the cyano groups and the copper atoms, the molecule bends to al-
low the nitrogen to lie on top of surface copper atoms and it is not possible to take images of
the spatial distribution of molecular orbitals [52, 53]. On the other hand, when the molecule
is adsorbed on a weakly interacting substrate like Au(111), the charge transfer between gold
and the molecule is small and the molecule lies flat on the surface [54].
4.1.1 TCNQ on graphene/Ru(0001)
Firstly, we studied the adsorption of TCNQ on the graphene/Ru(0001) surface at different
coverages. The molecules are deposited on the surface at room temperature. At this tem-
perature, the TCNQ molecules are free to move on the surface and it is necessary to cool
down the sample at 4.6 K to be able to imaging individual molecules. In fact, the molecular
freedom to diffuse on the graphene surface makes necessary the use of very low tunneling
currents (below 100 pA) during the LT-STM measurements to avoid the interaction between
the tip and the TCNQ molecules.
Figure 4.2 shows representative STM images recorded at 4.6 K after deposition of TCNQ
molecules at room temperature. In Fig. 4.2b and 4.2c, we can easily identify the bumps of
the moiré pattern superimposed with some bright protrusions that we associate with the
molecules because, at this particular bias voltage, the intramolecular resolution resembles
the LUMO shape of the molecule on the gas-phase (Fig. 4.1b). This is a clear indication of
a weak molecule-substrate interaction. However, the substrate is playing a role in the molec-
ular adsorption because all the molecules are placed in the low areas of the moiré pattern.
As demonstrated earlier (Sec. 3.2), there is a difference in the value of the surface potential
of the order of 0.25 eV between the high and low areas of the moiré. This surface potential
corrugation forces the molecules to adsorb in the lower areas in the early stages of coverage
as it was reported for phthalocyanines [55, 56], perylene tetracarboxylic diimide (PTCDI)
and related derivatives [57], and perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) [58]
on similar surfaces. From our STM images, we can conclude that in the case of TCNQ on
graphene/Ru(0001), there is no preferred adsorption site within the lower areas of the moiré
unit cell. In agreement with this experimental observation, the DFT+D2 calculations per-
formed by Daniele Stradi [36] under the supervision of Prof. Fernando Martín from the
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Figure 4.2: STM images of early stages coverage of TCNQ on graphene/Ru(0001). The corresponding
sizes and set point parameters are: (a) 100× 100 nm2, Vb = 1 V and It = 50 pA; (b) 20× 20 nm2, Vb =
−1 V and It = 20 pA and (c) 10× 10 nm2, Vb = −0.5 V and It = 50 pA
Chemistry Department of UAM, show a difference of less than 50 meV between the different
adsorption sites in the lower area of the moiré.
Even at very low coverages, a close inspection of STM images measured at 4.6 K (see
Fig. 4.2 as example) reveals the coexistence of isolated molecules with dimers, trimers and
chains of up to 6 molecules. To study the nature of the bonding between the TCNQ molecules,
the group of F. Martín has performed DFT+D2 calculations for the gas phase TCNQ dimer
and for the adsorbed TCNQ dimer on graphene/Ru(0001). The calculations indicate that the
dimer is stable in the gas phase with a formation energy of E f orm = −0.15 eV/molecule and
is stabilized via a saturated C≡N· · ·H−C bond between a cyano group of one molecule and
the hydrogen in the central ring of the other one. For the dimer adsorbed on the graphene/
Ru(0001) surface, the adsorption energy per molecule is 10− 20 meV higher than for an iso-
lated molecule [36]. This small difference in the adsorption energy for isolated molecules
respect to the ones in the dimer is compatible with the coexistence of monomers and molec-
ular chains when the TCNQ molecules are deposited on the surface at room temperature and
then cool down to 4.6 K. In addition, the shape of the intermolecular region of the TCNQ
dimer differs from that obtained as the sum of two TCNQ monomers on graphene/Ru(0001),
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Figure 4.3: Chain formation of TCNQ on graphene/Ru(0001). All the images were acquired at 4.6 K
with Vb = −0.8 V and It = 40 pA. The corresponding sizes are: (a) 3× 3 nm2; (b) 3.8× 3.2 nm2; (c)
5.4× 4 nm2; (d) 4.5× 4.5 nm2 and (e) 6× 5 nm2.
thus suggesting some additional interaction between the two molecules. Experimentally, in
the topographic image of the dimer (Fig. 4.3a), it can be clearly seen that the orbital of one
molecule overlaps with the orbital of the other one. This interaction can be understood as
the formation of a spatially extended intermolecular orbital. The incipient formation of this
spatially extended orbital detected for dimers further develops as the coverage of TCNQ
increases, as can be seen for the trimer and chains of molecules (Fig.4.3). A complete ana-
lysis of this interaction will be precisely described in the next chapter where the electronic
properties and calculations of the system will be discussed.
Increasing the coverage, the molecular chains start to grow always avoiding the upper
areas of the moiré, see Fig. 4.3d and 4.3e, giving rise to a zig-zag structure and forcing the
rotation of the TCNQ molecules with respect to the moiré and allowing simultaneously the
formation of the hydrogen bonds. At 1/3 ML coverage, these chains extend over hundred of
nanometers and they are only interrupted by steps or defects (see Fig. 4.4). The formation of
the chains is determined by molecule-molecule interaction but the distance between them is
governed by the moiré pattern. Zooming in one domain (Fig. 4.5a), one can see that all the
molecules along the chains point towards the same direction, as is expected for a directional
hydrogen bond. Increasing slightly the coverage, the combined effect of the preferential ad-
sorption in the lower areas of the moiré and the formation of hydrogen bonds allows us to
produce a highly ordered porous molecular network with a periodicity of 3 nm, see Fig. 4.5b.
Increasing more the deposition time, not more molecules fit in the lower areas and therefore,
some of them are adsorbed on the upper areas of the moiré always maximizing the number
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Figure 4.4: Large STM image (175× 175 nm2, Vb = −1 V, It = 10 pA) taken at 77 K of intermediate
coverage of TCNQ on graphene/Ru(0001).
of hydrogen bonds with the neighboring molecules (green circle on Fig. 4.5b). When the
coverage is further increased, islands presenting a close packed structure appear coexisting
with the porous network (Fig. 4.5c). At this stage, we can clearly see how the chain formation
and the following close packed structure implies the rotation of the TCNQ molecules with
respect to the high-symmetry directions of the moiré lattice. The (12× 12) moiré unit cell vec-
tors are drawn in Fig. 4.5c. As can be seen, the molecules in the molecular chains and in the
close packed island are aligned along the long diagonal of the moiré unit cell (white arrow
Fig. 4.5c). This rotation with respect to the high-symmetry directions of the moiré allows, at
the beginning, the stabilization of the chain via hydrogen bonds avoiding at the same time
the upper areas of the moiré and is finally translated to the monolayer.
The close packed molecular structure continues growing upon the completion of the
TCNQ monolayer (Fig. 4.5d) and forming domains with lateral sizes of the order of hundreds
of nanometers. The lateral size of the molecular domains is comparable with the domains
41
4 Molecular self-assembly on epitaxial graphene
Figure 4.5: Coverage evolution of TCNQ on graphene/Ru(0001). (a) 15× 15 nm2, Vb = −1 V, It =
20 pA; (b) 15× 15 nm2, Vb = −1 V, It = 50 pA, (c) 15× 15 nm2, Vb = 1 V, It = 50 pA and (d) 15×
15 nm2, Vb = 2 V, It = 100 pA.
size for graphene grown on Ru(0001) [30]. Figure 4.6 shows a series of images with different
lateral size acquired on the same area where it is possible to observe how the presence of
defects in graphene/Ru(0001) surface leads to the appearance of domains in the TCNQ layer.
Figure 4.6b confirms that the domain boundary presents in the monolayer is pinned at the
defect of the graphene which is not covered by TCNQ molecules. The relative orientation bet-
ween domains can be determined in the zoom in of the domains boundary of the Fig. 4.6c.
In this particular case, the relative angle between domains is 120◦.
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Figure 4.6: Series of STM images of a domain wall (a) 150× 150 nm2, (b) 70× 70 nm2 and (c) 28×
28 nm2, taken at Vb = −1 V and It = 50 pA in the same area. The arrows mark the same position in
all images, the boundary between the domains with a relative orientation of 120 degrees.
As was discussed earlier, the analysis of the STM images reveals that the TCNQ molecules
form an angle respect to the high-symmetry directions of the moiré. Figure 4.7a shows an
atomically resolved image of the moiré pattern with the high-symmetry directions of the
moiré marked by dotted black lines. The black arrow indicates the long diagonal of the
(12 × 12) moiré unit cell. On the other hand, Fig. 4.7b shows a molecular resolved STM
image after deposition of a TCNQ molecules. To determine the structure of the molecular
layer relative to the substrate, the high-symmetry directions of the moiré (black dotted lines)
and the molecular axis (yellow arrows) are drawn. As it can be seen, the long molecular axis
forms 50◦ respect to the other molecular axis which in turn, coincides with the long diagonal
of the moiré unit cell. This result is a consequence of the hierarchical way of growing that
was discussed before, see Fig. 4.5c.
As we observed in the STM images, Fig. 4.6, and as it can be expected from the super-
imposition of an oblique lattice and an hexagonal one, a certain number of rotational do-
mains appears. In order to obtain the molecular unit cell and the number of domains, we
performed LEED experiments. These experiments were performed in the group of Prof. Ro-
man Fasel at EMPA (Switzerland). In this laboratory, there is an UHV system that contains
43
4 Molecular self-assembly on epitaxial graphene
Figure 4.7: STM images taken at 4.6 K on (a) bare graphene/Ru(0001) (12× 12 nm2, Vb = −5 mV, It =
100 pA) and (b) cover with a monolayer of TCNQ molecules (12× 12 nm2, Vb = 2 V, It = 50 pA). The
high-symmetry directions of the moiré are marked by black dotted lines and the black arrow indicates
the long diagonal of the unit cell. The molecular axes marked by yellow arrows, are rotated 50◦ and
not aligned with respected to the moiré lattice. LEED pattern from (c) bare graphene/Ru(0001) and
(d) cover with TCNQ molecules, the spots are distributed around two concentric circumferences.
a Variable Temperature Scanning Tunneling Microscope (VT-STM) and an Omicron Micro-
Channel Plate Low-Energy Electron Diffraction (MCP-LEED). The weak interaction between
graphene and molecules requires the use of a MCP-LEED because the molecules do not re-
sist the classical LEED beam currents. Figure 4.7c shows the typical LEED pattern taken with
an electron energy of 160 eV for clean graphene/Ru(0001) and Fig. 4.7d is the corresponding
pattern for a TCNQ monolayer on graphene/Ru(0001) at 40 eV. Figure 4.7d shows several
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Figure 4.8: (a) Unit cell of the six domains drawn in LEED pattern of TNCQ/graphene/Ru(0001) at
40 eV. (b) Geometric representation of the relative angle between the high-symmetric directions of the
moiré lattice and one molecular axis.
spots distributed around two concentric circumferences that determine the size of the two
lattice vectors of the oblique molecular lattice. We attribute these spots to six different do-
mains. Each domain is sketched in Fig. 4.8a with different colors and superimposed with the
dotted black lines that represent the high-symmetry directions of the moiré. The domains
are generated rotating clockwise the same oblique unit cell in such a way that one molecular
lattice vector forms 20◦ with respect to a high-symmetry direction of the moiré lattice or
the molecule long axis 50◦ with the long diagonal of the moiré unit cell. A summary of this
construction is represented in Fig. 4.8b where the six possible configurations are sketched.
This scenario is consistent with our experimental observations.
The quantitative analysis of the Fig. 4.7b was done using Au(111) as reference in order
to obtain the parameters of the molecular unit cell. Due to the non-spherical geometry of
the MCP, a fringe field is applied between grid 2 and the MCP to preserve kII in the LEED
pattern. Therefore, the observed spots need to be corrected. The cfac denotes the correction
factor which might be dependent on the energy and the spot position rspot. The LEED pattern
measured for a clean Au(111) surface allows us to obtain the relationship between cfac and
observed rspot. In conclusion, the obtained unit cell vectors are a1 = 8.39 Å, a2 = 9.76 Å, with
an angle γ = 50◦. These values are in good agreement with the real-space images measured
directly by STM. The formation of an oblique lattice, instead of a square lattice like in the case
of TCNQ on Au(111)[54], and the misaligned between molecules and moiré is a consequence
of competition between intermolecular and molecule-substrate interactions.
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4.1.2 TCNQ on graphene/Ir(111)
To show the effect of the substrate in the molecular adsorption, we repeat the previous exper-
iments for in graphene/Ir(111) [40]. As demonstrated earlier (Sec. 3.3), in this case the inter-
action between the graphene and the metal is weaker than in the case of graphene/Ru(0001),
leading to the appearance of several moiré superstructures [11]. In our samples, the most
abundant is the (10× 10) moiré periodicity but there is still some patches of (2× 2) moiré.
The corrugation of these moirés is between 0.2 and 0.4 Å, much smaller than in the case
of ruthenium, and the surface potential is almost homogeneous in each moiré, with only
a small difference between them. It is worth noting that this surface is very different than
graphene/Ru(0001) although the surface is still graphene.
Figure 4.9a shows a large STM image of graphene/Ir(111) surface after the deposition of
a small amount of TCNQ molecules. Although at this particular tunnel parameter the moiré
superstructure is not visible, it is possible to identify the characteristic wrinkles of graphene
on iridium. We can also observe some small protrusions at the edges of the steps. Zoom-
ing in these areas (Fig. 4.9b) shows that these protrusions correspond to TCNQ molecules.
The molecules adsorb both parallel and perpendicular to the step edge and correspond to
molecules which have diffused from terrace. This behavior is a clear indication of low diffu-
sion barriers for the TCNQ molecules and converts the image acquisition in a cumbersome
task, even at low temperatures and worst than in the case of TCNQ/graphene/Ru(0001).
From these data, we can conclude that the diffusion barrier for the molecules on the surface
is lower than in the case of graphene/Ru(0001).
Contrary to the growth of two dimensional metallic clusters in graphene/Ir(111) [18, 44],
not preferential adsorption sites within the moiré unit cell are found for the TCNQ molecules.
Increasing the coverage, the steps edges act as nucleation points for the molecules which
begin to arrange in a close packed structure along the steps. These structures grow forming
well-ordered islands which preserves its structural continuity across the steps, see Fig. 4.9c.
The TCNQ islands are stable at the temperature of our experiments (77 K and 4.6 K) allowing
us to acquire high resolution images of the boundaries of the islands, as the one shown in
Fig. 4.9d.
Figure 4.10a shows the typical STM topographic image obtained for a molecular coverage
equivalent to one monolayer. The TCNQ monolayer exhibits the same arrangement as the
close packed islands and is only interrupted by the characteristic wrinkles of graphene/Ir(111)
which are not covered with molecules. In order to obtain information about the molecu-
lar structure, we calculated the FFT of the large STM topography shown in Fig. 4.10a. Fig-
ure 4.10b shows the corresponding FFT, the spots corresponding to the moiré superstructure
are indicated by a white dotted hexagon and several spots that correspond to the molecular
lattice are indicated by yellow dotted lines (Fig. 4.10b). A molecular resolved STM image
of the TCNQ monolayer (Fig. 4.10c) gives directly the real-space molecular structure. The
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Figure 4.9: STM images for low coverage of TCNQ on graphene/Ir(111). At the beginning the TCNQ
molecules adsorb at the step edges. (a) 100× 100 nm2, Vb = 1 V, It = 10 pA. (b) 15× 15 nm2, Vb =
−1 V, It = 10 pA). Increasing the coverage the molecules form islands. (c) 100× 100 nm2, Vb = 1 V,
It = 50 pA. (d) Island edge (9× 9 nm2, Vb = 1 V, It = 20 pA).
yellow arrows indicate the unit cell vectors of the adsorbate lattice and the white arrows the
moiré unit cell vectors. The investigations of the FFT images lead to an almost square molec-
ular lattice where the length of the unit cell vector is 0.9± 0.1 Å and the angle is 84± 1◦.
One of the molecular axes is rotated by 22± 1◦ with respect to one high-symmetry direc-
tion of graphene lattice. For this reason, several domains are observed in the STM images.
Similar results were obtained for cobalt phthalocyanine (CoPc) on graphene/Ir(111) [59] and
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Figure 4.10: (a) Large STM image (100× 100 nm2, Vb = 1 V, It = 40 pA) of a self-assemble domain of
TCNQ on graphene/Ir(111). The moiré superstructure of graphene is superimposed with the molec-
ular corrugation. (b) FFT of the image (a). The white dotted hexagon indicates the high-symmetry
directions and the white arrows correspond to the unit vectors of the moiré unit cell. The molecular
unit cell is indicated by dotted yellow lines and the corresponding molecular unit vectors by yellow
arrows. (c) Zoom of image (a) with intramolecular resolution (9× 9 nm2, Vb = 1 V, It = 40 pA). The
moiré and molecular unit cells are indicated in the same way than in (b).
iron phthalocyanine (FePc) [56] and the azabenzene 1,3,5-triazine [60] on graphene/Pt(111).
The molecular lattice is stabilized by hydrogen bonds between the neighboring molecules
and the pi-pi∗ interaction binds the molecules to the substrate. In this system the molecule-
molecule interaction via the formation of the hydrogen bonds is the driving force for the
final molecular arrangement in the monolayer. Contrary to the case of TCNQ grown on
graphene/Ru(0001), here the moiré has no influence in the molecular ordering.
The domains extend over hundred of Ångstroms and grow with the same molecular order
over all of the moiré superstructures, only disrupted by some individual defects and the
wrinkles of graphene/Ir(111). Figure 4.11a shows a STM image where the TCNQ monolayer
covers the most common moiré superstructures of graphene/Ir(111). We can easily identify
the different areas because the moiré corrugation can be seen through the TCNQ monolayer
for the (10× 10) moiré (see Fig. 4.11c). Depending on the tunnel parameters this effect is
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Figure 4.11: Self-assembled monolayer of TCNQ on graphene/Ir(111). (a) 75 × 75 nm2, Vb = 1 V,
It = 40 pA. The molecules growth in the same way in both moiré superstructures. (b) STM image
(60× 43 nm2, Vb = 1 V, It = 10 pA) of TCNQ on (2× 2) moiré superstructure, (c) STM image (60×
43 nm2, Vb = 1 V, It = 50 pA) of TCNQ on (10× 10) moiré superstructure.
more pronounced. Meanwhile the TCNQ monolayer grown on the (2× 2) domain appears
flat in the STM images because the molecules are larger than the moiré unit cell, Fig. 4.11b.
To summarize, the TCNQ molecules adopt a square lattice similar than the one in bulk
and in another weak interaction surfaces like Au(111) [54]. This is an indication of the mi-
nor importance in this case of the graphene surface in the molecular self-assembly process.
Contrary to TCNQ on graphene/Ru(0001) where the molecular adsorption is strongly influ-
enced by the modulation in the structure and electronic properties of the moiré pattern and
the molecular arrangement in the monolayer is an oblique lattice.
4.2 F4-TCNQ
So far, we have studied the influence of the molecule-substrate in the TCNQ self-assembly.
Now, we are going to analyze how the self-assembly process is affected when the attractive
intermolecular interaction of the TCNQ molecules is substituted by the repulsive interac-
tion of a molecule of the same family, F4-TCNQ. In this case, the central ring is bearing
four fluorine atoms instead the four hydrogen in the TCNQ molecules (see Fig. 4.12a). This
substitution changes the electrostatic potential of the molecule increasing its electron affinity
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(5.2 eV) with respect to TCNQ (3.0 eV) [61, 62], but keeping intact the molecule geometry. Just
as in the case of TCNQ molecules, F4-TCNQ has the ability to form CTC and has been em-
ployed to enhance conductivity of various molecular charge-transport materials via doping,
and to enhance hole-injection in organic electronics devices [63, 64] included graphene [65].
Figure 4.12b and 4.12b show the gas phase HOMO and LUMO for F4-TCNQ which present
more nodes that the TCNQ ones due to the participation of fluorine p orbitals.
Figure 4.12: (a) Chemical structure of F4-TCNQ molecule (dark blue = nitrogen atoms, gray = carbon
atoms, yellow = nitrogen atoms). Frontier molecular orbital of F4-TCNQ in gas-phase, (b) HOMO and
(c) LUMO.
4.2.1 F4-TCNQ on graphene/Ru(0001)
We evaporate the F4-TCNQ molecules on graphene/Ru(0001) with the sample at room tem-
perature and after that we cool down the sample to 4.6 K or 77 K in order to record the STM
images. Similar to the case of TCNQ on graphene/Ru(0001), at low coverages (Fig. 4.13a), the
molecules lie planar in the low areas of the moiré. These observations go against previous
experiments of F4-TCNQ adsorption on graphene/SiC(0001) where XPS experiments reveal
that different N species exist in the deposited molecular film and the authors take this as
indication that most of the molecules are standing upright [66].
In our case, the molecules present a spatial selectivity in the adsorption at low areas. As it
was previously discussed (Sec. 3.2), we can distinguish four regions in the graphene/Ru(0001)
moiré unit cell: the atop, fcc, hcp and bridge (area between fcc and hcp regions). Interestingly,
at very low coverage, the molecules are adsorbed only in one half of the unit cell of the
graphene/Ru(0001) (see inset of Fig. 4.13a). Comparing the STM images with the DFT calcu-
lations [33], we can identify this half of the unit cell with the fcc region (red triangle) because
they appear brighter than hcp areas (blue triangle) in the STM images at certain bias voltages.
This preferential adsorption in the fcc regions has been previously reported for the growth
of Pt clusters on this surface [67]. The graphene surface provides indeed a self-organized,
regular pattern of adsorption sites. In the next chapters, the subtle differences between the
fcc and hcp regions will be discussed in detail.
In order to study the difference in the self-assembly of TCNQ and F4-TCNQ molecules, we
co-evaporated both molecules. Taking advantage of the high intramolecular resolution result-
ing from the decoupling of the molecules and the metallic substrate facilitated by graphene,
we can identify both molecules. Figure 4.13b shows an STM topography at positive bias volt-
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Figure 4.13: (a) Large STM images (150× 150 nm2, Vb = −2 V, It = 10 pA) taken at 4.6 K after F4-
TCNQ deposition on graphene/Ru(0001). The inset shows a zoom (12× 12 nm2, Vb = −2 V, It =
10 pA) where is possible to observed the spatial specific molecular adsorption. Blue and red triangles
indicate the hcp and fcc regions, respectively. (b) STM image (10× 17 nm2, Vb = 1 V, It = 10 pA) of the
graphene/Ru(0001) surface after co-evaporation of F4-TCNQ and TCNQ molecules. Both molecules
are clearly distinguishable from each other and F4-TCNQ molecules tend to be isolated while TCNQ
molecules form molecular chains held together by the hydrogen bonds.
age with both molecules adsorbed on the graphene/Ru(0001) surface. We can easily distin-
guish between them exclusively on the basis of the frontier molecular orbital shape and the
interaction between molecules. TCNQ molecules form small chains (greed circles Fig. 4.13b)
and all the F4-TCNQ molecules always appear alone. This result points out the importance
of the intermolecular interaction in the self-assembly process. The presence of the fluorine
atoms avoids the formation of hydrogen bonds, and therefore the molecules adsorbed on the
low areas try to minimize the interaction between the cyano groups and the fluorine atoms of
the neighboring molecules. For this reason, at low coverages, the F4-TCNQ molecules appear
always isolated (see Fig. 4.13). Further observation shows that there are F4-TCNQ molecules
adsorbed on the two halves of the moiré unit cell in Fig. 4.13b. The reason for this is that the
F4-TCNQ coverage in this image is slightly higher than the one of Fig. 4.13a. As mentioned
above, the F4-TCNQ molecules began to adsorb in the fcc areas of the moiré pattern. When
all the fcc regions are occupied with F4-TCNQ molecules, they begin to adsorb in the hcp
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Figure 4.14: Coverage evolution of F4-TCNQ on graphene/Ru(0001) at 4.6 K. STM images corre-
sponding to intermediate coverage: (a) 50 × 50 nm2, Vb = −1 V, It = 5 pA and (b) 6.5 × 6.5 nm2,
Vb = −0.5 V, It = 5 pA. Medium coverage: (c) 50× 50 nm2, Vb = 1 V, It = 20 pA and (d) 6× 6 nm2,
Vb = 1 V, It = 20 pA.
regions as can be seen in Fig. 4.13b.
When the coverage is increased above 1/3 ML, F4-TCNQ molecules cover the low areas of
the moiré, see Fig. 4.14. Due to the electrostatic repulsion between them, the molecules are
displaced from the fcc to bridge positions, where each molecule has two cyano groups in the
fcc area and the other two in the hcp area. When the coverage reaches 3 molecules per moiré
unit cell, the most stable configuration corresponds to a triangular ring structure where the
cyano groups of one molecule is between the cyano groups of the other two remaining, as
can be seen in 4.14b. Further increasing the coverage forces the appearance of another stable
configuration where two F4-TCNQ molecules adsorb in parallel between high areas of the
moiré and short lines of molecules are visible (Fig. 4.14c and 4.14d). These lines of molecules
were also observed for F4-TCNQ adsorbed close to Cu(100) steps [68].
The spatial selectivity in the adsorption and the repulsive interaction between molecules
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Figure 4.15: STM images of F4-TCNQ on graphene/Ru(0001) taken at 77 K. Intramolecular resolution
is lost by the effect of the temperature. At 77 K the molecules rotate onto their molecular adsorption
site. Low coverage: (a) 45× 45 nm2, Vb = −1 V, It = 5 pA and (b) 15× 15 nm2, Vb = −1.5 V, It = 5 pA.
Intermediate coverage: (c) 100× 100 nm2, Vb = −1 V, It = 5 pA and (d) 10× 10 nm2, Vb = −1.5 V,
It = 5 pA. High coverage: (e) 100× 100 nm2, Vb = −2 V, It = 5 pA and (f) 25× 25 nm2, Vb = −1.5 V,
It = 5 pA.
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are more evident when we increase the temperature to 77 K, see Fig. 4.15. At this temperature,
the molecules are observed as round protrusions on the surface without any intramolecular
resolution. We assign this change in the appearance to a temperature-induced motion of the
molecule locked in its adsorption site. Upon increasing the F4-TCNQ coverage the molecules
cover completely the low areas of the moiré and this effect is more clear, Fig. 4.15c and 4.15d.
At first glance, we observe a porous molecular network with a periodicity of 3 nm similar to
the one of the Fig. 4.14a. However, in a close inspection, Fig. 4.15d, we observe a ring around
the high areas of the moiré where it is not possible to distinguish the F4-TCNQ molecules.
The reason for this might be that at this temperature the molecule moves around the high
areas of the moiré faster than the scan rate used for imaging and the time-averaged image
shows a ring.
Increasing the deposition time never produces a perfect monolayer like in the case of
TCNQ on graphene/Ru(0001). The repulsive interaction between molecules and the inho-
mogeneous properties of the moiré pattern of graphene/Ru(0001) causes that F4-TCNQ
molecules never adsorb in the high areas of the moiré filling the hole of the network, as
was reported on the accommodation of iron phthalocyanine (FePc) and tert-butyl zinc ph-
thalocyanine ((t-Bu)4-ZnPc) molecules by the porous Kagome lattice of FePc molecules on
graphene/Ru(0001) [56]. As Fig. 4.15e and 4.15f show the F4-TCNQ molecules begin to
growth the second layer before the completion of the first one.
4.2.2 F4-TCNQ on graphene/Ir(111)
In this subsection we will discuss the adsorption of F4-TCNQ on graphene/Ir(111). Fig-
ure 4.16a shows STM images recorded at 77 K after depositing the F4-TCNQ molecules on
the graphene/Ir(111) surface held at room temperature. The terraces of the surface are cov-
ered with a fairly regular array of bumps, each one corresponding to a single F4-TCNQ
molecule. They form an hexagonal arrangement with distances dictated by the underlying
moiré pattern of graphene/Ir(111) (2.45 nm). Fig. 4.16b reproduces a zoom of the large im-
age. It shows that the F4-TCNQ molecules adsorb exclusively in one half of the unit cell of
graphene/Ir(111), marked with blue triangles. A similar preference for adsorption has been
reported for clusters of Ir [18] and other metals [44] grown on graphene/Ir(111), and in the
previous case of F4-TCNQ on graphene/Ru(0001).
The observed selectivity of the adsorption at specific areas of the moiré is surprising, given
that the difference between a hcp adsorption site and the fcc one is only apparent when the
second metallic layer below the surface is taken into account. The electronic structure of
graphene/Ir(111) does not reveal important changes when moving across the moiré unit cell,
with work function, image states or density of states being essentially identical for atop, hcp or
fcc areas (Sec. 3.3). For clean graphene/Ir(111), the direct bonding of three C atoms with atop
Ir atoms at the hpc areas promotes some degree of sp2 to sp3 rehybridization that could act
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Figure 4.16: (a) Large STM images of F4-TCNQ on graphene/Ir(111) taken at 77 K (170× 170 nm2,
Vb = −1 V, It = 5 pA). (b) Zoom of 20 × 20 nm2 acquired at Vb = −2 V, It = 5 pA. Blue and
red triangles indicate the hcp and fcc regions, respectively. (c) Large STM image of F4-TCNQ on
graphene/Ir(111) taken at 4.6 K (50× 50 nm2, Vb = 1 V, It = 20 pA. (d) Zoom of 15× 15 nm2 acquired
at Vb = −1 V, It = 3 pA.
on the other three C atoms of the hexagon to facilitate their binding to incoming molecules
[45]. DFT calculations have reported that the C-Ir direct bond on atop sites is slightly shorter
at the fcc areas (3.77 Å) than at the hcp regions (3.80 Å) [45]. As a result, the reactivity of
the three non bonded C atoms and, thus, the local binding energy minimum for molecules
could be slightly larger at the hcp sites than at the fcc ones, in agreement with the observed
specificity of the adsorption.
To get an insight on the origin of the shape of the molecules we cool down the sam-
ple and perform STM images at 4.6 K, see Fig. 4.16c and 4.16d. At this temperature, the
molecules present the same arrangement following the moiré pattern of graphene and avoid-
ing molecular islands, although they are mobile on the surface. A close inspection, Fig. 4.16d,
reveals that we can distinguish some intramolecular details, although during the scanning,
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the movement of the molecule is enhanced by the interaction with the tip and sometimes the
molecules move to the next energy minimum position. This effect is a clear indication of the
small diffusion barrier of graphene on iridium.
4.3 Conclusions
In this chapter, we have explored the mutual interaction between acceptor molecules in
graphene on Ru(0001) and Ir(111). The first important result is that graphene monolayer ef-
ficiently decouples the molecules from the strongly interacting metallic surface allowing
us to chemically identify individual molecules using the intramolecular resolution. The
electronically homogeneous and almost neutral graphene/Ir(111) surface is an ideal play-
ground to explore the mutual interaction between molecules in two dimensions. On the
other hand, graphene/Ru(0001) shows charge inhomogeneities and a surface potential cor-
rugation which give rise to stronger long-range lateral variations in the substrate–adsorbate
interaction.
In Sec. 4.1, we studied the molecular self-assembly of TCNQ on graphene/Ru(0001) and
graphene/Ir(111). For these molecules, the growth behavior is dominated by intermolecular
attractive interactions and results in the formation of a compact monolayer in both cases. At
low coverage, the surface potential corrugation of graphene/Ru(0001) forces the molecules to
adsorb in the lower areas of the moiré pattern, where the surface potential is small. When the
coverage is increased the molecules continue covering the lower areas of the moire avoiding
the upper areas and stabilizing the structure by means of hydrogen bonds between neighbor-
ing molecules. The combined effect of the preferential adsorption in the lower areas of the
moiré and the formation of hydrogen bonds allow us to produce a highly ordered porous
molecular network with a periodicity of 3 nm. Finally, for a coverage equivalent to a mono-
layer the molecules cover completely the surface forming an oblique lattice and resulting in
the formation of six equivalent domains. Contrary to the graphene/Ru(0001), the deposition
of TCNQ on graphene/Ir(111) come out in the formation of well-ordered islands from the
very beginning. For this system, the moiré does not affect the adsorption structure and the
molecules self-assemble in a square lattice.
In the case of F4-TCNQ, the absence of the hydrogen atoms in the central ring prevents
the molecules to condensate into islands and promotes a selective adsorption in specific
areas of the moiré, in both surfaces. The charge and surface potential inhomogeneities of
the graphene/Ru(0001) surface help to the formation of a triangular ring structures which
lead to a peculiar second layer growth, avoiding, even at high coverages, the high areas of
the moiré. In the case of graphene/Ir(111), the lateral repulsion between molecules is strong
enough to lock the molecules in their adsorption sites even at 77 K. At this temperature the
molecules moves around their adsorption sites and are imaged with a toroidal shape. It is
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necessary to decrease the temperature at 4.6 K to get some intramolecular resolution even
though the injected tunneling current is enough to induce the movement of the molecules.
In conclusion, we have shown that the moiré pattern of graphene epitaxially grown on
metallic surfaces, is able to induce spatial selectivity in the adsorption of both F4-TCNQ
and TCNQ molecules, resulting in a periodic superlattice of adsorbed molecules of widely
different properties. This finding paves the way to modify the properties of graphene.
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molecules to monolayers
In this chapter we study the electronic properties of the TCNQ molecules adsorbed on
graphene/Ru(0001) and graphene/Ir(111) by means of STS experiments. These studies allow
us to identify the frontier molecular orbital of TCNQ in both cases and the charge transfer
between molecules and graphene.
5.1 TCNQ on graphene/Ru(0001)
As it was discussed in the previous chapter, TCNQ molecules follow a hierarchical way
of growing when deposited on graphene/Ru(0001). Starting from a random distribution of
molecules adsorbed in the low areas of the moiré pattern at low coverage, finishing with the
formation of a perfect monolayer at the saturated coverage. In this section, we will explore
the electronic properties of this system by means of STS and the support of DFT calculations
performed by the group of Prof. Fernando Martín.
5.1.1 Imaging frontier molecular orbital
Firstly, we performed spatially resolved STS in single TCNQ molecules in order to char-
acterize their electronic structure, see Fig. 5.1a. The spectrum measured on the graphene
surface (red curve) is essentially featureless when measured with this low value of tunneling
current (20 pA). It only presents the already known asymmetry between the occupied and
empty density of states when moving from the ripples to the low areas [23]. On the contrary,
the spectrum measured on the TCNQ molecules (black curve) shows three clear features
marked with black vertical lines. For negative bias voltages, there are two peaks at −2.0 V
and −0.86 V and for positive bias voltages, it presents higher intensity in the differential
tunneling conductance around +1.0 V than the spectra measured in graphene. In order to
identify the origin of these features, panels of Fig. 5.1b show the topographic images taken
at these particular bias voltages. It is known that the intramolecular resolution of the STM
images for molecules adsorbed on insulating layers can be usually correlated to the spatial
distribution of their molecular orbitals.
Notice that all the STM images were taken in the same area however, the adsorption ori-
entation of TCNQ molecules in the different images changed due to the interaction between
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molecules and tip. The negative and positive sample bias voltages correspond to the occu-
pied states and unoccupied states, respectively. Thus, in the case of the peak at −2.0 V is not
surprising that the STM image taken at this voltage represents the HOMO spatial distribu-
tion of the molecules (Fig. 4.1b). Meanwhile the STM images at −0.86 eV and +1.0 eV show
the same intramolecular resolution that remains to the LUMO of the neutral TCNQ in gas
phase (Fig. 4.1c) with a node in the middle of the molecule. Therefore, we are visualizing the
LUMO of the neutral molecule below (occupied states) and above (empty states) the Fermi
level. This is a clear indication of a charge transfer between the graphene and the molecules.
Figure 5.1: (a) STS data measured on graphene (red curve) and on a TCNQ molecule (black curve).
Two peaks, marked with black vertical lines, at negative bias voltages (occupied states) and one at
positive bias voltage (empty state) can be observed. (b) STM images (4.5× 4.5 nm2, It = 20 pA) of
TCNQ molecules deposited on graphene/Ru(0001) at different bias voltage indicated by arrows. The
intramolecular resolution of the images allows us to identify the molecular orbitals.
To get some insight on the experimental data and the electronic structure, the group of F.
Martín [36] have performed DFT calculations including vdW interactions using the empirical
correction scheme proposed by Grimme (DFT+D2) [69]. Accounting for vdW interactions
is essential to obtain adsorption energies and geometries of aromatic molecules in good
agreement with experiments [70–72]. Besides, it is also essential for a correct description of
the moiré pattern present in graphene/Ru(0001) [33]. To study the adsorption of the TCNQ
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molecule on this system, the atomic positions of the relaxed graphene/Ru(0001) unit cell
have been frozen and only the molecule has then been allowed to relax. This is a reasonable
approximation due to the relatively high stiffness of the graphene/Ru(0001) substrate in
comparison with, e.g., metal surfaces.
Figure 5.2: (a) Adsorption geometry corresponding to the maximum adsorption energy (Eb =
−2.62 eV). The color code of the substrate indicates the different heights of the graphene atoms with
respect to the Ru substrate underneath, with white corresponding to the higher parts of the ripples.
(b) Charge transfer maps of TCNQ on graphene/Ru(0001). The lower panels show two-dimensional
cuts of the xy-plane for the adsorption configuration of TCNQ. The two cuts are indicated by dotted
lines in the upper part of the panel. The central part shows the charge distribution for a free standing,
charged TCNQ molecule. Notice that the charge distribution is identical for the adsorbed and the
freestanding, but charged molecule. (c-d) Electronic density redistribution upon adsorption of TCNQ
on graphene/Ru(0001): (c) top-view isocountour surface and (d) integrated in xy-plane. Blue color
indicates an excess in the electron density while red color indicates a charge depletion.
Although no clear preferential adsorption site in the low area of the moiré is observed in
the STM images, the highest fraction of molecules is found to lie at the bridge site, between
fcc and hcp areas, as it can be seen in the Fig. 5.1b. Among all the explored configurations at
this site, our DFT+D2 calculations show that the most stable adsorption configuration corre-
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sponds to molecules oriented along the fcc to hcp direction of the graphene layer, Fig. 5.2a.
Contrary to the case of TCNQ on Cu(100) [53] where the TCNQ is chemisorbed and its
molecular geometry is strongly bent, on graphene/Ru(0001), the molecule lies flat at about
3 Å above the surface. The calculated adsorption energy is 2.62 eV/molecule, in line with
DFT+D2 adsorption energies obtained for similar organic molecules on graphene [73]. How-
ever, the energy difference between this configuration and any other in the lower area of the
moiré pattern is less than 50 meV. These small variations in energy suggest that the molec-
ular adsorption is equally likely in any low area, in good agreement with the experimental
observations.
Figure 5.3: The upper row shows spatially resolved dI/dV maps of individual TCNQ molecules
adsorbed on graphene/Ru(0001) recorded at three different bias voltages associated to the HOMO,
SOMO and SUMO. The lower row shows the corresponding simulated dI/dV maps in complete
agreement.
The calculations also reveal that the TCNQ molecule is negatively charged upon adsorp-
tion. About one electron is transferred to the molecule as it is shown by the electronic density
redistribution integrated over the xy-plane(Fig. 5.2d). In this plot the blue color indicates an
accumulation of charge and the red one a depletion, while the black horizontal lines corre-
spond to the position of the Ru(0001) surface, graphene layer and the TCNQ central ring. It
62
5.1 TCNQ on graphene/Ru(0001)
can be seen that the charge transferred from graphene is located above and below the TCNQ
plane causing a p-doping of the graphene layer, while the Ru substrate is essentially unaffec-
ted. Figure 5.2c represents a top-view isocountour of the charge density distributed across
the molecule and it shows that the additional charge density mainly goes into the LUMO of
the neutral molecule. The charge transfer per molecule is 0.99 electrons as is evaluated using
Barder topological analysis of the charge density [74]. Figure 5.2b shows two vertical cuts
of the charge density for TCNQ adsorbed on graphene/Ru(0001) (lower panels) compared
to the charge density for a gas-phase, singly-charged TCNQ molecule (upper panels). As
an evidence of the weak interaction between graphene/Ru(0001) and TCNQ molecules, this
plot shows that the electronic charge distribution at the TCNQ molecule is identical in both
cases and there is no charge density accumulation in the region between the molecule and
the surface. Thus, the effect of the interaction with the substrate is essentially charging the
molecule and the p-doping of the graphene layer.
Figure 5.3 shows the comparison between the experimental dI/dV maps and the simu-
lated ones. Upper panels show the experimental dI/dV maps measured at the energy of
the three features indicated in the STS spectrum of Fig. 5.1a. The simulated maps of the low
panels are calculated in the corresponding range of energy and are in good agreement with
the experimental data. This agreement is striking for all HOMO, SOMO and SUMO levels.
The spatial distribution of these peaks confirms the partial occupation of the LUMO of the
neutral molecule which now is splited in two different orbitals Single Occupied Molecular
Orbital (SOMO) and Single Unoccupied Molecular Orbital (SUMO). The accurate simula-
tions confirm then the localization of an unpaired electron transferred from graphene to the
LUMO of TCNQ. In the next chapter, we will analyze in detail the effect of this unpaired
electron on the magnetic properties of the system.
5.1.2 Formation of a spatially extended intermolecular band
After studying the electronic properties for single TCNQ molecules on graphene/Ru(0001)
the next step is to understand the evolution of the electronic properties when the coverage
is increased. As it was discussed in Sec. 4.1.1, increasing the TCNQ coverage the molecules
start to interact to each other making chains of molecules and finally, a perfect monolayer.
Theoretical simulations of TCNQ monolayer on graphene/Ru(0001) predicts an adsorption
energy of 1.88 eV/molecule, which is slightly smaller than the one for isolated molecules, be-
cause TCNQ molecules residing on the upper part of the ripples receive a reduced charge
transfer from graphene and are, therefore, less strongly bounded than those adsorbed at the
lower areas. The average charge transfer is of the order of 0.4− 0.6 electrons/molecule and
the average TCNQ-graphene distance is the same as in the case of single TCNQ molecule ad-
sorbed in graphene/Ru(0001). The system has been simulated by using C(11× 11)/Ru(10×
10) supercell [33] containing eight TCNQ molecules.
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Figure 5.4: (a) STM topography (4.7× 4.7 nm2) of a TCNQ monolayer grown on graphene/Ru(0001)
recorded at 4.6 K with the tunneling gap stabilized at Vb = +1.5 V and It = 100 pA. The white
rhombus indicates the moiré unit cell. (b) Individual dI/dV curves measured on molecules located
in different areas of the moiré unit cell. The color code corresponds to the dots shown in (a). The
peaks are the HOMO, SOMO and SUMO levels.
Figure 5.4 shows the dI/dV spectroscopy for a TCNQ monolayer on graphene/Ru(0001).
The colored circles indicate the molecules where the dI/dV spectra were recorded. At first
glance, when the monolayer is formed, no remarkable changes are observed with respect
to the spectra of single molecules. All of them show the same three features that we iden-
tify with the HOMO, SOMO and SUMO. However, depending on the adsorption site of the
TCNQ molecule, the intensity of the peaks is different. This fact can be understood taking
into account the influence of the graphene electronic structure. As it was shown in Sec. 3.2,
the graphene/Ru(0001) surface is electronically modulated leading to a modulated TCNQ-
graphene interaction. Besides these changes in intensity, there is a small shift in the the
energy position of the SUMO. The energy position of the SUMO for the molecules adsorbed
in the high areas of the moiré is higher than the molecules adsorbed in the low areas. The
origin of the shift in energy may be traced back to the electric field between the tip and
sample. It is known that the electric field between the tip and the sample surface produces
a Stark shift in the energy position of field emission resonance in the STS spectra [37]. In ad-
dition, even in tunneling regime, the electronic states of the molecules not strongly coupled
with the substrate can be shifted in energy due to a Stark effect [75, 76]. In our case, for the
molecules in the high areas of the moiré the interaction is weaker and the tip is closer to the
surface. Hence, the electric field is stronger than for molecules in the low areas, a shift up in
energy for their orbitals.
Striking differences as a function of the bias voltages are revealed in the topographic STM
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Figure 5.5: The upper row shows topographic STM images of a TCNQ monolayer on
graphene/Ru(0001) recorded at three different bias voltages. The lower row shows the correspon-
dent simulated topographic images. The black dashed lines indicate the intramolecular bands that
appear at the SOMO and SUMO energies.
images of the TCNQ monolayer. The upper row in Fig. 5.5 shows the experimental STM
images while the lower row shows, for comparation, the simulated images at the HOMO
(−2.0 V), SOMO (−0.8 V) and SUMO (+1.0 V) energies. The intramolecular resolution in the
STM images confirms the split of the LUMO of the neutral molecules due to the charge
transfer from the graphene as in the case of single TCNQ molecules. The simulated constant
current images reproduce almost exactly the experimental data for the HOMO, SOMO and
SUMO, including the higher resolution of the orbital nodes observed for TCNQ molecules
on the lower part of the ripples compared with the ones at the higher parts, as can be seen
in the lower panels of Fig. 5.5.
Notice that the SOMO and SUMO experimental images show that the neighboring molecules
are connected to each other forming tube-like structures (black dashed lines of Fig. 5.5) sep-
arated by clear nodes. These structures are the evolution of the extended orbital formed in
the case of the TCNQ dimers and chains, described in the Sec. 3.2. At first glance, the hy-
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Figure 5.6: Intermolecular bands results from the hybridization of the TCNQ frontier orbitals.
(a) STM topographic image of the SOMO taken at −0.7 eV. The dashed black lines indicate the
graphene/Ru(0001) unit cell and an intermolecular band is marked in red color. (b) The electronic
density distribution at the Γ−point for the first empty band of an isolated, free-standing TCNQ mono-
layer with the same corrugated geometry as the adsorbed monolayer reproduces the corresponding
band.
drogen bond seems to be the reason for the formation of these molecular chains. However,
we have shown before that the molecules are negatively charged and the attractive nature of
the C≡N· · ·H−C bonds is not enough to overcome the electrostatic repulsion between the
negatively charged molecules. Thus, it should be the combined effect of this attractive inter-
action and the partial occupation of the LUMO which give rise to the formation of spatially
extended intermolecular bands that allows the molecules to delocalize the charge acquired
by the graphene.
Fig. 5.6 illustrates in more detail the intermolecular band results from the hybridization
of the TCNQ frontier molecular orbital. The tube-like structure marked over the STM image
in Fig. 5.6a reflects the real space imaging of the occupied intermolecular band below the
Fermi level, derived from the SOMO. The same occurs above the Fermi level for the SUMO.
Figure 5.6b shows the electronic density distribution at the Γ−point for the band. The calcu-
lations are done for an isolated, free-standing TCNQ monolayer with the same corrugated
geometry as the adsorbed monolayer and addition of 0.5 electrons/molecule. The calcula-
tions reproduce the flat bands found in the experiment and trace back the origin of these
band to an anti-symmetric combination of the TCNQ LUMO. These TCNQ intermolecular
states extend over whole surface.
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5.2 TCNQ on graphene/Ir(111)
Deposition of a TCNQ monolayer on graphene/Ir(111) results in topographic and spectro-
scopic STM images different from those in TCNQ/graphene/Ru(0001). In the previous chap-
ter, we showed how the molecules deposited on the graphene/Ir(111) surface arrange in
well-ordered, compact islands and finally in a monolayer. In this section, we show the STS
measurements performed to characterize the electronic structure of the TCNQ monolayer.
5.2.1 Monolayer spectroscopy
Figure 5.7 shows the dI/dV spectra acquired on different TCNQ molecules on graphene/
Ir(111). The spectra present two clear resonances and a broad region of low conductance
between them. The energy position of the peaks is fairly similar for all the molecules, regard-
less of the relative adsorption site. We can identify the peak above the Fermi level centered
at +0.75 eV with the LUMO and the one below the Fermi level around −2.75 eV with the
HOMO. Contrary to the case of TCNQ on graphene/Ru(0001), the presence of only two
peaks and the LUMO above the Fermi level suggest that there is a negligible or very small
charge transfer between the molecules and graphene. Upon adsorption on a metallic surface,
the molecular levels broaden and the value of the molecular gap is usually reduced due
to the hybridization with the conduction electrons [77]. In this case, the graphene acts as a
decoupling layer preserving the HOMO and LUMO almost intact separated by 3.5 eV.
Figure 5.7: (a) STM topography (6.5× 6.5 nm2) of a TCNQ monolayer grown on graphene/Ir(111)
recorded at 4.6 K with the tunneling gap stabilized at Vb = +2 V and It = 40 pA. (b) Individual
dI/dV curves measured on molecules located in different areas of the moiré unit cell. The color code
corresponds to the dots shown in (a). The peaks correspond to the HOMO and the LUMO levels.
Taking topographic images at different bias voltages allows us to obtain intramolecular
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Figure 5.8: 7× 7 nm2 STM images of a TCNQ monolayer grown on graphene/Ir(111) recorded at
4.6 K with different bias voltage and It = 50 pA: (a) Vb = −3.1 V, (b) Vb = −2.5 V, (c) Vb = −1.5 V, (d)
Vb = −0.7 V, (e) Vb = +0.7 V and (f) Vb = +1.5 V. As a reference, a TCNQ molecule is encircled in
each image.
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resolution and identify the frontier molecular orbitals of TCNQ (see Fig. 5.8). For negative
sample bias voltages, which correspond to occupied molecular orbitals, the TCNQ molecules
are imaged as the HOMO calculated for a free TCNQ molecule. For positives voltages, corre-
sponding to unoccupied molecular orbitals, the STM images resembles the calculated LUMO
for isolated TCNQ with a clear node at the center of the molecule but strongly delocalized
over the graphene layer. Contrary to the case of TCNQ/graphene/Ru(0001), we never image
the LUMO spatial distribution in the molecules below the Fermi level. This fact confirms
that the filling of the LUMO derived bands is rather small and molecules self-organize via
H-bonds and no intermolecular bands.
5.3 Conclusions
In this chapter, we used spatially-resolved dI/dV measurements in combination with DFT+D2
calculations to obtain information about the influence of graphene/Ru(0001) and graphene/
Ir(111) on the TCNQ molecular electronic states.
In the case of TCNQ adsorbed in graphene/Ru(0001), it was found a considerable charge
transfer from the graphene to single TCNQ molecules leading to the partial occupation of the
LUMO of the neutral molecule. As result of this fact, the orbital splits in two different orbital,
SOMO and SUMO. The experimental identification of the molecular orbitals was directly im-
aged recording spatially-resolved dI/dV maps and confirmed by simulated dI/dV maps.
A complete analysis of the TCNQ monolayer shows still a considerable charge transfer be-
tween molecules and graphene. The formation of a complete monolayer is now understood
by a combination of hydrogen bonds and a delocalization of charge across a new spatially
extended intermolecular band. In this system, the role of the graphene is twofold because it
isolates the TCNQ molecules from the reactive Ru(0001) surface and simultaneously allows
an efficient charge transfer from the metallic substrate to the molecules. The efficient charge
transfer is due to the strong interaction between the graphene and the Ru(0001) surface.
On the other hand, in the case of TCNQ on graphene/Ir(111), the weak interaction be-
tween the graphene and the Ir(111) does not allow a efficient charge transfer to the TCNQ
molecules and they remain practically neutral and the electronic properties of TCNQ layer
almost unaltered. In addition, we can directly image the unperturbed molecular orbitals
of TCNQ and confirm that the filling of the LUMO derived bands is rather small and the
intermolecular bands present in TCNQ/graphene/Ru(0001) system do not develop.
In summary, these results demonstrate the substantial influence of the interaction between
graphene and the metallic substrate in the electronic properties of the TCNQ molecules
adsorbed on graphene on metallic substrates. The acquired charge and the formation of in-
termolecular bands in the case of TCNQ molecules on graphene/Ru(0001) unlike graphene/-
Ir(111) will add new properties to the organic layer that will be discussed in the next chapter.
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long-range magnetic order
The existence of unpaired electrons in organic molecules is a prerequisite to molecular mag-
netism, however their mutual interactions are required to develop long-range magnetic or-
der. In this chapter, we will see that TCNQ molecules on graphene/Ru(0001) develop a
magnetic moment which is revealed by a prominent Kondo resonance, and is preserved
upon dimer and monolayer formation. The Kondo effect is also observed in F4-TCNQ on
graphene/Ru(0001). However, the presence of molecular bands in the TCNQ monolayer give
rise to a long-magnetic order that is not developed for F4-TCNQ case due to the repulsion
between the molecules. The existence of the corresponding long-range magnetic order is
detected by SP-STM at 4.6 K.
6.1 Development of a magnetic moment
As we have seen in the previous chapter, STS measurements and theoretical simulations
showed that isolated TCNQ molecules deposited on graphene/Ru(0001) acquire charge from
the substrate. In this section, we will demonstrate the development of a magnetic moment
for organic molecules when deposited on graphene/Ru(0001). This fact will be verified by
measuring the corresponding Kondo resonance with STS at low temperature.
6.1.1 Introduction to Kondo effect
Although the Kondo effect was discovered in the 1930s [78], and later explained in the 1960s
[79], it has still been the subject of numerous studies. In particular, the development of
LT-STM opened up the possibility to study the Kondo effect at atomic scale in single atoms
[80, 81] and single molecules [82–87]. In this subsection, we describe the main features of the
Kondo problem in metals and the particular case of a single magnetic impurity on a surface.
The Kondo effect in metals
The resistivity, ρ, of bulk metals should decrease when T → 0 due to the scattering of
electrons by phonons and others electrons until it reaches a saturated value determined by
the density of defects in the metal. Far from this expected behavior, the ρ(T) curves measured
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in some materials present a minimum at low temperatures [78]. In 1964, J. Kondo gave the
explanation for this anomalous increase of the resistivity [79]. His explanation is based on
a spin-flip scattering process due to the presence of magnetic impurities in the metallic
samples, and is known as the Kondo effect. In other words, the Kondo effect arises when the
local spin of an impurity is screened by electrons of the metallic host. Below a characteristic
temperature, the conduction electrons that surround the spin impurity electron are aligned
antiferromagnetically with the impurity forming a spin screening cloud, see Fig. 6.1, and
leading to an increase of the resistance.
Figure 6.1: Kondo effect. Spin screening cloud surrounded the local impurity.
To explain the behavior of these systems, P. W. Anderson proposed a model in 1961 for
a single magnetic impurity diluted in a metal [88]. The model considers the hybridization
between the conduction electrons of the metal and the unpaired electron state with s = 12
of the impurity, dismissing all the others electronic states of the impurity. The Hamiltonian
that describes the behavior of this single magnetic impurity coupled to a conduction band
of electrons is given by [88]:
H =∑
σ
εdd†σdσ +∑
kσ
ε(k)c†kσckσ +Ud
†
↑d↑d
†
↓d↓ +∑
kσ
(
Vkσd†σckσ +V
∗
kσc
†
kσdσ
)
. (6.1)
The terms, from left to right, describe: the impurity state with energy εd, the conduction
electrons ε(k), the on-site Coulomb repulsion U, and the hybridization between the local
spin and the conduction electrons. The operator d†σ (dσ) creates (annihilates) an electron of
spin σ (↑ or ↓) on the localized impurity, while c†kσ (ckσ) creates (annihilates) and electron
of spin σ and momentum k in the conduction band. The impurity is described in the most
simple way as a non-degenerate orbital which has, at most, double occupancy with spin ↑
and a spin ↓ electron separated by the Coulomb repulsion energy U [88], see Fig. 6.2. The
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last term of the Hamiltonian takes into account the interactions between the impurity level
and the conduction electrons, where Vkσ are the tunneling matrix elements. Excluding ther-
mal excitations, a simple description of the Anderson impurity model allows two possible
excitations:
• A conduction electron with energy ε(k) and spin ↓ can jump to the unoccupied impu-
rity state forming a virtual excitation. The impurity is now doubly occupied. Then, the
original electron of the impurity of spin ↑ tunnels out and the other electron decays
into this state with the spin ↓.
• Another possible virtual state corresponds to the excitation of the electron of the impu-
rity with spin ↑ into a state of momentum k while another electron with opposite spin
decays into the now unoccupied localized state.
While classically these spin flip processes are forbidden due to the cost in energy giving
by εd − εk + U and εd − εk. In quantum mechanics, exists a short time, around h/|εd| given
by the uncertainty principle, in which these excitations can take place. Thus, the conduction
electrons spend some time in the region of the impurity, but it cannot be considered a bound
state. These intermediate virtual states induce a narrow resonance in the conduction band
density of states at the Fermi level where the process occurs. The width ∆ of this resonance
is defined by ∆ = pi|Vkd|2ρ(ε) where ρ(ε) is the density of states of the metal [89, 90].
Figure 6.2: Energy levels, εd↑ and εd↓ +U, for a magnetic impurity embedded in a conduction band
of a metal in the Anderson impurity model. Image adapted from [88].
In summary, the Anderson impurity model gives a simple explanation for the bounded
mechanism of the impurity with the conduction band of the host metal. The Kondo Hamil-
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tonian is an approximation of the Anderson Hamiltonian and can be obtained from it per-
forming a Schrieffer-Wolff transformation [90, 91]:
H '∑
kσ
ε(k)c†kσckσ +∑
kk′
Jkk′skk′ · Sd , (6.2)
where the spin of the impurity is Sd and skk′ represents the spin of the conduction elec-
trons and Jkk′ the coupling streght between the impurity states and the conduction electrons.
Taking into account that the process occurs at Fermi level, for k and k′ ' kF, the coupling Jkk′
is given by:
JkkF ≡ J =
2∆
pi
(
1
εd
− 1
εd +U
)
< 0. (6.3)
As expected, the coupling is antiferromagnetic. Therefore, the spin exchange interaction
between the impurity and the conduction electron is given by the so called Kondo term:
HK = Js(r)S. (6.4)
The resistivity and the impurity susceptibility of the system can be derived from this
Hamiltonian using second order perturbation theory. Although, the Kondo model describes
the behavior of the anomalous resistivity in these systems above certain temperature, known
as Kondo temperature TK, below TK there is a divergence due to the presence of a logarithmic
term. The characteristic energy scale in which this divergence becomes important is [89]:
kBTK ∼ De−1/2Jρ0 , (6.5)
where ρ0 the density of states and D is the width of the conduction band. Substituting the
exchange coupling J calculated by Schrieffer and Wolff [91] the Kondo temperature can be
calculated as follow [90]:
Tk =
1
2pi
(
2∆U
pi
)1/2
exp
[
εd(εd +U)
2∆U
]
. (6.6)
To obtain a complete description of the resistivity in these systems for T  Tk a renorma-
lization group approach is necessary [89].
The Kondo effect and the STM
Taking advantage of the atomic-scale spatial resolution and high-resolution spectroscopy
measurements, the LT-STM seems to be the perfect tool to study the Kondo impurities at sur-
faces. In late 1990s, several groups performed the firsts experiments where single magnetic
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adatoms were deposited on non magnetic surfaces, e.g., Ce on Ag(111) [80] or Co on Au(111)
[81]. A simple explanation for the tunneling process of a single magnetic adatom on a metal
surface is given by the Anderson impurity model. In this situation, the electrons from the
STM tip have two possible channels to tunnel into the sample. They can tunnel directly into
the empty states of the sample or indirectly via a spin-flip process into the localized impurity
state. Figure 6.3a shows the latter case, where the electron in the single occupied impurity
state located below the Fermi level at εd with spin ↑ can be excited into an unoccupied state,
forming a virtual state. Then, an electron from the tip with energy εF and spin ↓ can tunnel
into the impurity state. This spin exchange produces a resonance in the energy spectrum due
to the interference of the localized state and the conduction electrons of the metal, known as
Kondo resonance Fig. 6.3b.
Figure 6.3: Anderson impurity model and the Kondo effect. (a) The impurity level is located at εd
below the Fermi level εF of the continuum states of the metal. Adding an electron to the impurity
costs an extra energy giving by the Coulomb repulsion U. In a time scale given by the Heisenberg
uncertainly principle, a virtual state can be created when the spin up electron of the impurity tunnel
out to the continuum states of the metal. It will be replaced by another electron from the tip with spin
down. (b) This spin flip process leads to the appearance of a resonance at Fermi level, called Kondo
resonance. Image adapted from [92].
Therefore, when Kondo screening exists, the STS spectra present a resonance at εF spatially
localized at the magnetic impurity. This resonance is the result of the quantum interference
of the discrete state of the impurity and the continuum of the conduction electrons in the
metal and can be described by the Fano equation [93], as was demonstrated by V. Madhavan
et al. [81]. In this context, the tunneling conductance is given by:
dI
dV
∝ (ε+ q)
1+ ε
, ε =
eV − ε0
Γ
, (6.7)
where Γ is the half-width at half-maximum of the resonance, q is a parameter known as the
form factor, and ε0 is the energy shift of the resonance from the Fermi level. The form factor
gives the ratio between the indirect and direct tunneling processes at the resonance energy.
A set of values for q are represented in Fig.6.4. For q = 0 the curve results in a Lorentzian
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dip and for large q value the curve results in a Loretzian peak. The intermediate value of
q leads to asymmetric curves. Physically, large values of q mean that the indirect tunneling
through the impurity dominates. This is usually the case for organic molecules interacting
weakly with the substrate or magnetic adatoms on insulating layers. Some examples are Mn
adatoms deposited on aluminum oxide islands [94], CoPc on Au(111) [82], TCNQ-TFF mix on
Au(111) [86], V-TCNE complexes on Ag(111) [95] or MnPc on Pb(111) islands [96]. Contrary,
low values of q imply that the tip is more strongly coupled to the conduction electrons of
the metallic host and the direct tunneling channel to the substrate dominates. This is the
case for impurities interacting strongly with the substrate, such as transition or rare earth
atoms [80, 81], TBrPP-Co molecules on Cu(111) [83, 97], oxygen molecules on Au(111) [98]
or on-top FePc on Au(111) [84].
Figure 6.4: Set of simulated Fano resonances at EF with Γ = 5 meV for different q parameters. At
q = 0 the coupling between the tip and the discrete atomic orbital is weak and leads to a Lorentzian
dip. An intermediate coupling is representing for q = 1 resulting in a asymmetric curve. Finally, the
case q = 100 represent a strong coupling and a Lorentzian peak is detected.
In general, due to the reduced coupling strength between the impurity and the conduction
electrons on a metallic surface, Tk is usually lower for a surface impurity than that in the bulk
system. Tk in bulk materials is given by the expression 6.6. In the tunneling spectroscopy
experiments, the TK can be extract from the full width at half maximum (FWHM) 2Γ of the
Kondo resonance given by [99, 100]:
2Γ =
√
(αkBT)
2 + (2kBTk)
2. (6.8)
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System TK Reference
Co impurities on bulk Cu 500 K [101]
d-CoPc/Au(111) 208 K [82]
TBrPP-Co/Cu(111) 105− 170 K [83]
Co/Cu(100) 88 K [102]
Co/Au(111) 70 K [81]
Co/Cu(111) 53 K [102]
Co on epitaxial graphene 15− 17 K [103, 104]
Co/Cu2N/Cu(100) 2.6 K [105]
Table 6.1: Kondo temperature for Co impurities in different systems.
Following this expression, we can see that for a Kondo effect, the width of the resonance
grows linearly with the temperature (Γ ∼ T) for T  TK and saturates (Γ = kBTK) for
T  TK. Then, Tk can be calculated fitting the experimental width of the Kondo resonance
at different temperatures to the expression 6.8, where α is a constant which depends on the
system. As an illustration, the Table 6.1 shows a collection of Kondo temperatures for Co
impurities in different systems. The highest TK is for the case of Co impurities on bulk Cu.
As expected, in the case of Co adatoms on metallic surfaces the Kondo temperatures are
lower because the number of metallic neighbors is reduced and the hybridization between
the impurity and the host metal decreases. In the particular cases of Co on Cu(100), Au(111)
and Cu(111) the Kondo temperatures are 88 K, 70 K and 53 K respectively. The small differ-
ences can be understood considering that the hybridization between the d-orbital of the Co
atoms and the substrate decreases in the following order Cu(100) > Au(111) > Cu(111) and,
consequently, increasing TK in the series. A peculiar case is the dehydrogenated cobalt ph-
thalocyanine (d-CoPc) molecule adsorbed on an Au(111) surface. It presents a quite high TK
in comparison with Co adatom on Au(111). These results reveal the importance of the chem-
ical environment on the Kondo effect. When the CoPc molecule is deposited on Au(111), the
magnetic moment of the molecule is completely quenched by the the interaction with the
substrate and no Kondo resonance appears. However, inducing a dehydrogenation by the
STM tip, the Co atoms of the molecule shifts upwards with respect to the substrate and a
Kondo effect is resorted. The effect of the organic ligands on the Kondo temperature is also
clear in the case of molecular self-assembly TBrPP-Co on Cu(111). This system presents also
a high Tk which decreases when the number of TBrPP-Co molecules is reduced. The Kondo
effect has also been demonstrated in the particular case of a Co impurity in graphene epitax-
ially growth on SiC substrate. In this system the graphene layer is n-doped and leads to an
exotic Kondo ground state that depends on the Co adsorption site. The last example corre-
sponds to Co adatoms decoupled from a Cu(100) surface by a monolayer of copper nitride
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(Cu2N). This decoupling produces a small hybridization with the conduction electrons and
therefore a small TK of 2.6 K. An evidence of this small interaction is the observation in the
STS of a sharp Kondo peak on the Co atoms, as expected, for a system where the indirect
tunneling dominates.
6.1.2 Kondo effect in TCNQ on graphene/Ru(0001)
In the preceding chapter we showed the localization of an electron into the TCNQ orbital
derived from the LUMO. Here, we aim to understand how the presence of this electron
determines the magnetic properties of the system.
Single molecules
As discussed previously, single TCNQ molecules on graphene/Ru(0001) present two spectral
features close to the Fermi level in the STS, one below (SOMO) and another one above it
(SUMO). The origin of these features is the splitting of the LUMO of the neutral molecule due
to the transfer of one electron to the TCNQ molecule from the graphene/Ru(0001) surface. To
shed some light on the character of these orbitals, spin polarized calculations were performed
by D. Stradi [36]. Firstly, spin polarized gas-phase calculations for isolated TCNQ was done
and revealed, as expected, that neutral TCNQ has not a magnetic moment. Nevertheless,
the spin polarized Projected Density of States (PDOS) for a single TCNQ molecule on its
optimized adsorption geometry on graphene/Ru(0001) shows that the LUMO of the neutral
molecule is now partially occupied and splits into a more than half filled spin-up SOMO and
a more than half empty spin-down SUMO, see Fig. 6.5b. The width and filling ratios of the
orbitals depend on the molecule-substrate interaction. A proof of this fact is that the width
of the orbitals is reduced and the spin asymmetry is increased when the TCNQ is separated
from the substrate in the calculations or, in other words, when the interaction is weaker [106].
These results are in agreement with the non spin polarized experimental data of Sec. 5.1.
The different electron occupancy of SOMO and SUMO is the necessary condition to have a
non-zero magnetic moment in the molecule. The calculated magnetic moment is 0.4 µB, and
the spin density distribution across the TCNQ molecule is showed in Fig. 6.5a. The yellow
(green) color indicates a positive (negative) spin density which is exactly distributed across
the LUMO orbital.
As mentioned in the introduction of this section, an experimental proof of the presence of
unpaired electron in a single molecule or adatom adsorbed in a non-magnetic surface is the
appearance of the Kondo effect. Figure 6.6 shows the STS experiments performed on a single
TCNQ molecule adsorbed on graphene/Ru(0001) close to the Fermi level. The dI/dV signal
was acquired by means of lock-in techniques by adding AC component to the bias voltage
(Vmod = 8.5 mV RMS and ν = 703 Hz) while DC component of the bias voltage was ramped
linearly and the feedback was switched off. The dI/dV spectra measured with the STM tip
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Figure 6.5: (a) Calculated spin-density distribution for a single TCNQ molecule adsorbed on
graphene/Ru(0001). Yellow and green indicate positive and negative spin densities, respectively. (b)
Calculated spin-polarized PDOS over s and p orbitals for the same molecule [36, 106].
held on different locations in the TCNQ molecule show a prominent peak which is absent in
the graphene surface (Fig. 6.6d). We identify it as a Kondo resonance due to the interplay be-
tween the conduction electrons of graphene/Ru(0001) and the magnetic moment associated
with the TCNQ molecules. According to the calculations, the Kondo scenario raises because
the transfer of a second electron from the graphene/Ru(0001) substrate to the magnetic
TCNQ radical anion is forbidden by coulomb repulsion that makes the corresponding elec-
tron affinity for the second electron being well above the Fermi level of graphene/Ru(0001)
[106].
The intensity of the Kondo peak exhibits a strong dependence on the STM tip location
within the TCNQ molecules. As an illustration, the blue and red spectra were fitted to the
Fano expression given by eq. 6.7. The signal that we measured with the lock-in is broadened
by the temperature and the modulation voltage. Then, the curves have to be convoluted with
the first derivative of the Fermi-Dirac distribution and the lock-in modulation. The result-
ing fitting parameters are Γ = 5± 1 mV, ε0 = 1.2 meV and q = 40 for the blue curve and
Γ = 5± 1 mV, ε0 = 1.2 meV and q = 10 for the red one. These large values of q are not
surprising taking into account the weak interaction between the TCNQ and the substrate.
The experiments have been performed at 4.6 K and therefore, we expect to be in the T  TK
regime. In this situation an estimation of the Kondo temperature from the width of the peak
(TK = Γ/kB) can be done. The estimated Kondo temperature is 58 K which is on the range
expected for a weak interacting molecule. Nevertheless, a complete analysis of the tempera-
ture dependence of the resonance is necessary for a demonstration of a Kondo effect and to
obtain an accurate value of TK. For single molecules, these experiments cannot be performed
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Figure 6.6: Inelastic Kondo effect. (a) Topographic STM image (2.4× 2.4 nm, Vb = −0.1 V, It = 30 pA)
of a TCNQ molecule on graphene/Ru(0001) with a TCNQ model superimposed. The color circles
indicate the spatial location where the spectra shown in (c) and (d) have been recorded. (b) dI/dV
map at Vb = −50 mV of the image (a) with a TCNQ model superimposed. (c) Sketch of the inelastic
Kondo effect where the spin-flip process is mediated by the excitation of a vibrational mode of the
TCNQ. (d) dI/dV spectra measured with the STM tip held on graphene and on different locations
in the TCNQ molecule where Kondo resonance is observed. (e) dI/dV spectrum measured with the
STM tip held on the central ring of the TCNQ molecule.
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due to the mobility of the molecules when the temperature increases. This analysis will be
done later for higher TCNQ coverages.
Besides, inelastic Kondo features are observed in the spectrum measured with the STM
tip held on the center of the molecule (Fig. 6.6e). At this position, the Kondo resonance
almost disappears and two side bands around ±45 mV and ±17 mV come up. The origin of
these peaks is an interplane molecular vibration in the central ring and a C-C≡N bending
of the TCNQ molecule [107, 108] respectively, which are strongly coupled to the TCNQ
SOMO. The dI/dV map of Fig. 6.6b shows the spatial distribution of the peak at −45 mV.
The maximum of the signal corresponds exactly to the central area of the TCNQ molecule
where the excitation is produced. The observation of the C-C≡N bending at ±17 meV is
more complicated because it implies to acquire a dI/dV map at low energy and in location
within the TCNQ molecule where the Kondo resonance begins to appear.
The inelastic Kondo effect was predicted in quantum dots coupled to vibrational modes
[109] and has also been observed in electron transport studies through C60 molecule in the
Kondo regime, using a mechanically controllable break junction [110]. A schematic repre-
sentation of the process is shown in Fig. 6.6c. For a bias voltage higher than a quantum
vibrational mode of the molecule, a new channel is opened. Similar to the case at zero bias,
the electron of the impurity can tunnel into the sample states. Then, an electron with oppo-
site spin can tunnel through the molecule, exciting its internal states and decaying in the
impurity ground state. The result is the excitation of the vibrational mode of the molecule
in addition to a spin-flip process. The effect in the DOS is the appearance of two symmetric
peaks at the vibrational mode energies superimposed to the classic steps of the ordinary in-
elastic tunneling processes (Fig. 2.2). Similar results were reported for TCNQ-TFF layers on
Au(111) [86]. In this case, one electron is donated from TTF to TCNQ giving rise to a Kondo
effect due to the interaction between the unpaired electron from TCNQ and the conduction
electrons of the gold substrate with a Kondo temperature of 26 K. The intensity of the Kondo
peak also exhibits a dependence on the STM tip location within the TCNQ molecules being
maximum at the ending cyano groups and minimum in the middle of the TCNQ molecule,
where extra side peaks at ±41 mV appears.
It has been discussed at the beginning of this chapter thath the Kondo effect strongly de-
pends on the hybridization between the impurity state and the host electrons. It might be
expected, then, a different width and intensity of the Kondo resonance depending on the
TCNQ adsorption location and maybe, no Kondo resonance for some of them. Figure 6.7
shows the dI/dV spectra for two TCNQ molecules adsorbed on different configurations
within the moiré unit cell. It has been shown in preceding chapters that the electronic mod-
ulation of the graphene/Ru(0001) surface forces the TCNQ molecules to adsorb in the low
areas of the moiré pattern. In particular, at low coverages, we can distinguish among three
different TCNQ adsorption sites within the moiré unit cell: fcc, hcp and bridge (the region
between the fcc and hcp areas). Experimentally, we can identify the fcc areas because this
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Figure 6.7: (a) dI/dV spectra measured on the cyano group of the TCNQ molecules marked with
a red and green circles on (b). (b) Topographic STM image (6× 4 nm2 ,Vb = −0.1 V, It = 30 pA). (c)
dI/dV spectra measured on the center of the TCNQ molecules marked with a red and green squares
on (b).
half of the unit cell is a little bit brighter in the STM images at negative bias voltages than
hcp areas, as it was discussed previously. In the STM image of Fig. 6.7b, one molecule is
adsorbed on a fcc position (red) and another on a bridge position (green). The green spec-
trum presents a sharp Kondo resonance and the characteristic features of an inelastic Kondo
described before. However in the case of the red spectrum, the Kondo resonance is absented
and instead of the Kondo vibrational peaks, two symmetric steps appear at ±45 meV. These
results are an unequivocal proof that the origin of the features at ±45 meV, in both molecules,
is the excitation of a vibrational mode of TCNQ. For the peaks at ±17 meV it is necessary
to acquire the more sensitive d2 I/dV2 spectra to further confirm their existence in the red
spectra.
In order to get some insight on these results, a compilation of calculated data of a sin-
gle TCNQ molecule adsorbed on the different configurations is shown in Table 6.2 [36].
Although, the charge transfer is practically the same in all configurations, the calculated
magnetic moment varies between 0.09− 0.86 µB. These important changes in µ, in relatively
small distances, leads to a variations of the Kondo intensity and width at different loca-
tions of the molecule. Figure 6.8 shows the dI/dV measurements performed on different
TCNQ molecules on graphene/Ru(0001). The conductance dI/dV spectra of Fig. 6.8c were
measured on graphene (black curve) and on the cyano groups of the numerated TCNQ
molecules of Fig. 6.8a. As it can be seen, not all the molecules present a Kondo resonance.
The dependence of the Kondo peak intensity with the adsorption site is clearly seen in the
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Adsorption Energy (eV) µ ( µB) Charge state ( n◦e−)
fcc −2.53 0.09 −1.02
bridge −2.47 0.36 −0.98
hcp −2.37 0.86 −0.98
Table 6.2: Data for a single TCNQ molecule on different adsorption site within graphene/Ru(0001)
moiré unit cell. The adsorption energy was calculated with DFT including dispersion correction
(DFT+D2) and the charge state with Bader analysis of the electronic density [36]
Kondo map of Fig. 6.8b. The Kondo map corresponds to a dI/dV map at 1 mV simultane-
ously acquired with the topographic image. In this area, there are four TCNQ molecules
adsorbed in different adsorption sites within the moiré unit cell. The molecule 1 is adsorbed
in the fcc area of the moiré marked in the topographic image with a red triangle. Molecule 4
is adsorbed in an equivalent position. Accordingly, the molecule 3 is adsorbed in the hcp area
(blue triangle) and the molecule 2 in a bridge position (between fcc and hcp area). The Kondo
map clearly reveals that only molecules 2 and 3 present a Kondo signal being more intense
in molecule 3. On the other hand, the molecules 1 and 4 appear dark because no Kondo
resonance appear on these molecules. It is worth noting that the Kondo signal is spatially
distributed on SOMO of the molecule, where the unpaired electron is located. We fitted the
dI/dV spectra for the molecules 2 and 3 to a Fano line shape obtaining a resonance width
of Γ = 26 ± 1 mV and Γ = 7 ± 1 mV, respectively. As expected, the molecule 3 presents
the most intense Kondo resonance which correspond to the largest magnetic moment in the
calculations. On the other hand, the TCNQ molecules adsorbed on fcc areas present a neg-
ligible magnetic moment, in agreement with our experimental results, in which no Kondo
resonance is observed. The molecules in bridge position exhibit an intermediate value of the
magnetic moment and they always present a resonance on the dI/dV spectra, as it can be
seen in Fig. 6.8.
The above mentioned results can be understood as consequence of the difference in elec-
tronic structure of the graphene-Ru interlayer depending on the position in the moiré unit
cell. First-principle calculations reveal that the graphene layer induces the confinement of an
electron resonance of the Ru(0001) surface [37]. The different graphene-Ru stacking between
the fcc and hcp areas produce a different extension of the resonance into the ruthenium bulk.
The role of the graphene layer on the Kondo effect is henceforth to provide one electron
to the TCNQ molecule and modulate the hybridization between this electron and the Ru
conduction electron [36].
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Figure 6.8: (a) Topographic STM image (5.5× 5.5 nm) of TCNQ molecules on graphene/Ru(0001)
acquired at 4.6 K and tunneling parameters Vb = −0.1 V, It = 30 pA. Blue and red triangles indicate
the hcp and fcc regions, respectively. The Kondo map corresponds to a dI/dV map at 1 mV (Vmod =
8.5 mV RMS and ν = 703 Hz) taken simultaneously with the topographic image. (b) dI/dV spectra
measured on graphene (black curve) and on the cyano groups of the numerated TCNQ molecules of
(a). The solid lines represent the Fano fitting to the experimental data (Blue: q = 4, ε0 = 4 mV and
Γ = 7± 1 mV. Green: q = 30, ε0 = 13 mV and Γ = 26± 1 mV).
Molecular chains
The next question is what happens when the TCNQ coverage is increased. In order to clar-
ify this issue, similar experiments and calculations than for a single TCNQ molecule were
performed on the dimer and molecular chains. Experimentally, we see that the Kondo reso-
nance is preserved in the dimer and short molecular chains. In the STM image of Fig. 6.9a a
monomer, a dimer and a trimer were measured simultaneously. The Kondo map of Fig. 6.9b
shows that the Kondo signal decreases from the monomer to the trimer. Notice that at least
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one of the molecules in the dimer and trimer is adsorbed on a bridge position.
Figure 6.9: (a) Topographic STM image (6.2× 6.2 nm) of TCNQ molecules on graphene/Ru(0001)
acquired at 4.6 K and tunneling parameters Vb = −0.1 V, It = 30 pA, where a monomer, a dimer
and a trimer are visible. (b) Kondo map (dI/dV map at 1 mV) measured simultaneously with the
topographic image.
The calculations show that in the case of the TCNQ dimer, it takes two electron from
graphene/Ru(0001), one per molecule, and leads to the electronic density distribution shown
in Fig. 6.10c. The extra electrons delocalized across the new intermolecular orbital visualized
in the STM images and in the simulated image of the TCNQ dimer, see Fig. 6.10a and 6.10b
respectively.
The most stable configuration for the doubly charge dimer in the gas phase corresponds to
the spin of the two electrons aligned parallel to each other, as can be concluded from the cal-
culated energies of the close-shell singlet and the open-shell triplet. The open-shell triplet is
energetically more stable than close-shell singlet by 160 meV [106]. Hence, the spin polarized
PDOS of Fig. 6.10d shows a splitting of the LUMO in a spin-up/spin-down components and
that is why the dimer develops a net magnetic moment of 1.0 µB that is almost doubles that
of the isolated molecules. In summary, the delocalization of the added electrons along the
intermolecular orbital allows the spin electron to be as separated as possible, and in virtue
of a sort of giant intermolecular Hund’s rule, rendering the parallel alignment energetically
favorable.
As we discuss in previous subsection 6.1.1, The Kondo temperature is related to the den-
sity of the conducting electrons, ρ0, and the exchange coupling, J (eq. 6.5). Therefore, the
differences on TK are caused by a different spin-electron coupling between the molecules
and the substrate. The subtle balance between the intermolecular interaction, the coupling
to the substrate, and the inhomogeneities in the density of the states of the substrate will
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Figure 6.10: (a) 3× 3 nm2 STM image acquired at 4.6 K with Vb = −2 V and It = 20 pA. (b) Simu-
lated STM image of the TCNQ dimer obtained integrating the density of states at energies around
the SOMO energy. (d) Isocountour surfaces (isocountour value = 0.001 eV/Å) of electronic density
redistribution upon adsorption of TCNQ dimer on graphene/Ru(0001). Blue (red) areas indicate elec-
tron density accumulation (depletion). (e) Spin-polarized PDOS over s and p orbitals for the adsorbed
TCNQ dimer.
be decisive in a Kondo system. The chains of TCNQ molecules seem to be a perfect system
to study the dependence of TK along the graphene/Ru(0001) surface, or in other words, the
spin-electron coupling between the molecules and substrate.
Figure 6.11a shows how the Kondo intensity is modulated along molecular chains cover-
ing several unit cells of the moiré pattern, being more intense for the molecules adsorbed
on the bridge and hcp areas, in good agreement with the results obtained for the individual
TCNQ molecules. As expected, the Kondo map also reveals that the spatial distribution of
the Kondo signal is exactly distributed across the SOMO of the TCNQ molecules. Taking
advantage of the stability of the molecular chains, we performed measurements at differ-
ent temperatures in order to obtain a value for TK and confirm that the resonance at zero
bias is actually a Kondo resonance. Due to experimental constrains, we can only perform
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Figure 6.11: (a) Left panel: Topographic STM image (7× 7 nm2 ,Vb = −0.1 V, It = 30 pA). Right panel:
Its corresponding Kondo map (Vmod = 11.3 mV RMS and ν = 703 Hz) taken at 4.6 K. Blue and red
triangles indicate the hcp and fcc regions, respectively. (b-c) dI/dV spectra measured on the position
marked with a green and blue circles on (a) at different temperatures. The solid lines represents the
Fano line shape fit to the experimental data. (d) The values of 2Γ versus the temperature. The fitting
results in a TK = 66.3 K for the blue molecule and TK = 110.9 K for the green one.
experiments at four temperatures: 4.6 K, 13 K, 77 K and 95 K. As an illustration, we chose one
molecule adsorbed in the hcp area (blue) and another one in a bridge position (green). The
solid curves of Fig. 6.11b and 6.11c represent the Fano fitting of the experimental data at dif-
ferent temperatures. The values of 2Γ are then represented versus the temperature and fitted
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to the eq. 6.8, obtaining the two lines of the Fig. 6.11d. The resultant Kondo temperatures are
66.3 K for the blue molecule and 110.9 K for the green one.
The analysis of the molecular chains provides a clear indication of the complexity of
this system. As we saw for low coverage, the differences on the local density of states of
graphene/Ru(0001) play an important role in the modulation of the Kondo effect. Depend-
ing on the adsorption configuration, the magnetic moment value of the TCNQ molecule and
the consequent Kondo resonance changes. However, there is a equivalence between the ad-
sorption sites and the intensity of the Kondo peak as can be seen in the Kondo map shown in
the right panel of Fig. 6.11a. The TCNQ molecules adsorbed on the hcp and bridge positions
present a Kondo resonance which disappears in the case of molecules adsorbed on fcc areas.
Notice that is complicated to find a TCNQ molecule in which one of its cyano groups is
not located on a bridge position. For this reason, almost all the molecules present a Kondo
signal.
Monolayer
To complete our study, local spectroscopy measurements were done on the TCNQ mono-
layer on graphene/Ru(0001). At this coverage, we can also find molecules adsorbed on atop
regions of the moiré unit cell. Figure 6.12 shows that the Kondo resonance is preserved at
this coverage for the molecules adsorbed on the low areas of the moiré. The black curve on
Fig. 6.12b is the dI/dV spectrum measured on a molecule adsorbed on an atop region. This
spectrum is relatively featureless just as the one acquired on a molecule adsorbed on a fcc
position (red curve). Contrary, a Kondo resonance and the characteristic peaks of an inelastic
Kondo effect clearly appear on the spectra measured on TCNQ molecules adsorbed on hcp
areas. The Kondo map helps us to distinguish between the molecules that present a Kondo
resonance and the ones that do not. Again, at this coverage, we can find the correspondence
between the adsorption site and the intensity of the Kondo peak. To quantify the width of
the Kondo resonance, the spectrum for a TCNQ adsorbed on hcp region was fitted by a Fano
line shape. The resulting fitting parameters are q = −6, ε0 = 10 meV and Γ = 12± 1 meV
which correspond to a TK = 139.2 K. This TK is higher than the TK for a molecule on the
same adsorption configuration in the molecular chain of Fig. 6.11. Previous experiments of
molecules adsorbed on homogeneous substrate showed the importance of the number of the
molecular neighbors on the TK. For instance, in the particular case of TBrPP-Co molecules
and a Cu(111) [83], the value of TK decreases when the number of molecular neighbors
increase. The authors explained this behavior as a reduction of the spin-electron coupling
strength due to the scattering of surface electrons by the molecules located at edges of the
molecular layer. The same behavior was observed on CuPc clusters on Ag(111) [111]. In this
case, the dependence of TK with the number of neighbors is induced by a strong shift of the
electronic levels of the molecules due to the intermolecular interaction. On the other hand,
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the averaged TK increases with increasing chain length of Co atoms linked by basic molecu-
lar building blocks on a Au(111) surface [112]. Moreover, TK is also dependent on the even
or odd number of molecular units within the chains suggesting an antiferromagnetic (AFM)
coupling. In our case, the strongly dependence of the TK with the adsorption configuration
makes very difficult to extract conclusions about this issue and work is in progress to solve
it.
Figure 6.12: (a) STM image of a TCNQ monolayer on graphene/Ru(0001) (7× 7 nm2, Vb = −0.1 V,
It = 20 pA) and the corresponding Kondo map and dI/dV map at −50 mV acquired simultaneously
with a lock-in technique (Vmod = 8.5 mV RMS and ν = 703 Hz). Blue and red triangles indicate the
hcp and fcc regions, respectively. (b) dI/dV spectra on a TCNQ molecule adsorbed on a atop (black
curve), fcc (red curve) and hcp (blue curve) position.
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The dI/dV map at −50 mV shows that there is a maximum of the signal at this energy
only in the molecules which present a Kondo resonance, as can be seen in the dI/dV spectra
measured at the center of the TCNQ molecules adsorbed on hcp position. These molecules
exhibit two symmetric side peaks due to the convolution of the step like features typically
of an inelastic tunneling process with the Kondo resonance. This behavior is identical to the
case of the isolated TCNQ molecules discussed before. For the rest of the TCNQ molecules,
we do not observe the characteristic step like inelastic features in the dI/dV curves due to
the low energy resolution in the spectra.
In summary, we have systematically studied Kondo effect from individual TCNQ molecules
up to the monolayer. The main conclusion is that there is a spatial dependence of the Kondo
effect within the moiré unit cell of graphene/Ru(0001). The molecules adsorbed on a hcp and
bridge configurations present a Kondo resonance which is absent in molecules adsorbed on
either a fcc or atop positions. Besides, the resulting TK for the TCNQ on hcp sites is always
lower than the corresponding for TCNQ on bridge sites. This behavior is preserved upon
the coverage is increased. The role plays by the graphene is twofold. Firstly, the graphene
acts as a decoupling layer allowing exclusively a charge transfer between the Ru and the
molecules, creating an unpaired electron ground state on the TCNQ molecules [106]. On the
other hand, the graphene layer confines the surface resonance of the Ru(0001) surface. The
confinement depends strongly on the graphene-Ru distance, producing a spatial modulation
of the density of states of the graphene/Ru(0001) surface close to the Fermi level [36, 37]. In
conclusion, the combination of these two process leads to a site dependent Kondo effect. If
we substitute the ruthenium substrate by iridium, where the interaction between graphene
and metal is much weaker, the situation changes completely and TCNQ molecules do not
develop any magnetic moment and consequently, no Kondo effect is observed.
6.1.3 Kondo effect in F4-TCNQ on graphene/Ru(0001)
To further confirm that the dependence of the Kondo resonance with the adsorption site is
due to the role of the graphene layer, we have performed the same experiments on F4-TCNQ
adsorbed on graphene/Ru(0001).
Figure 6.13 shows the STS experiments close to the Fermi level for this system at low cov-
erage. As expected, the Kondo peak shape strongly depends on the location of the molecule
within the unit cell of the graphene/Ru(0001). The dI/dV spectra shown in Fig. 6.13b are
completely different depending on the molecular adsorption site. In particular, a sharp
resonance arises at the Fermi level in the dicyanomethylene (C(CN2)) terminations of the
molecules on the hcp areas. These peaks fit perfectly to a Fano line shape (q = −8, ε = 2 and
Γ = 6± 1 mV) leading to a TK = 69.6 K. This Kondo temperature is similar to TK for individ-
ual TCNQ on graphene/Ru(0001) indicating a similar coupling between the molecules and
graphene in both cases. However, the Kondo map of Fig. 6.13a shows that in this case the
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Figure 6.13: (a) Topographic image (7× 7 nm2) of F4-TCNQ adsorbed on graphene/Ru(0001) taken at
Vb = −0.1 V and It = 30 pA, and the corresponding Kondo map and dI/dV map at −50 mV acquired
simultaneously with a lock-in technique (Vmod = 8.5 mV RMS and ν = 703 Hz). Blue and red triangles
indicate the hcp and fcc regions, respectively. (b) dI/dV spectra measured on bare graphene (black)
and on the molecules adsorb in the fcc (yellow) and hcp (green) areas. The solid line corresponds to a
Fano line shape fit (q = −8, ε = 2 and Γ = 6± 1 mV). The measurements were performed at 4.6 K.
Kondo resonance is only located on the C(CN2) termination group of F4-TCNQ molecule.
This difference of the spatial distribution of the Kondo resonance across the molecule be-
tween the TCNQ and F4-TCNQ give us information about the localization of the extra charge
on the molecule. While for TCNQ the electron distributes across the molecule and the Kondo
signal is located on the SOMO, for F4-TCNQ the extra charge is localized on the cyano groups
of the molecule and the Kondo signal is more intense in these areas even though the LUMO
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is extended all over the molecule (Fig. 4.12c).
Figure 6.14: (a) Topographic image (5× 5 nm2) of F4-TCNQ adsorbed on graphene/Ru(0001) taken at
Vb = −0.2 V and It = 50 pA, and the corresponding Kondo map and dI/dV map at −50 mV acquired
simultaneously with a lock-in technique (Vmod = 14.1 mV RMS and ν = 703 Hz). Blue and red
triangles indicate the hcp and fcc regions, respectively. (b) dI/dV spectra measured on bare graphene
(black) and on the center and on a dicyanomethylene termination group of F4-TCNQ molecule. The
solid line corresponds to a Fano line shape fit (q = 40, ε = 2 and Γ = 7± 1 mV). The measurements
were performed at 4.6 K.
As in the case of TCNQ, when the tip is located on the center of the molecules, two
symmetric bands appear at ±50 mV. We attribute these peaks to an inelastic Kondo effect
due to an interplane molecular vibration of the central ring of the molecule. The energy
associated to these inelastic peaks is slightly higher than in the case of TCNQ molecules
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on graphene/Ru(0001), as expected, due to the substitution of hydrogen atoms by heavier
fluorine atoms. On the other hand, the dI/dV spectra close to the Fermi level in molecules
adsorbed on fcc areas show the typically step like features characteristic of an inelastic ex-
citation without Kondo. The spatial localization of these vibrational features are visualized
on the dI/dV map taken at −50 mV. In Fig. 6.13a, the vibrational features are localized on
the center of the F4-TCNQ molecules being more intense on the molecules adsorbed on hcp
positions, where the vibrational steps are convoluted with the Kondo resonance.
Increasing the coverage, the repulsive interaction between molecules an the spatial ad-
sorption selectivity gives rise to a triangular ring structures where the cyano group of one
molecule is between the cyano groups of the other two. In this configuration, all the F4-TCNQ
molecules are placed on bridge position and present a sharp Kondo peak, see Fig. 6.14. Fig-
ure 6.14b shows the spectra obtained in bare graphene and in two different positions within
the molecule. The Fano fitting of the Kondo resonance yields a TK = 81.2 K. It is worthy to
mention that all the molecules present the same intensity for all the C(CN2) terminations in
the Kondo map. This fact suggests that all the molecules present the same spin-electron cou-
pling strength, as expected, for molecules adsorbed on the same position. These results con-
firm the importance of the molecule-substrate interactions on the development of a Kondo
effect.
6.2 Long-range magnetic order in TCNQ monolayer
The evolution from isolated magnetic moments to magnetically ordered monolayer is not
been well understood yet. For metallic systems, there are experimental evidences concerning
mostly the extreme cases of isolated impurities or complete monolayers. For instance, an iso-
lated Co atom adsorbed on Cu(100) displays Kondo effect with a TK of 88± 4 K [113], while
a thin film of Co on Cu(100) shows long-range ferromagnetic order detected by SP-STM [114].
For organic molecules, previous experiments reported the coexistence of Kondo with anti-
ferromagnetism (AFM) in two-dimensional islands of FePc on Au(111) where the molecular
spins are coupled through a long-range surface mediated RKKY interaction [115].
In the previous section, we explored the modulation of the Kondo peak along a TCNQ
monolayer on graphene/Ru(0001). In this section, we are interested in unveiling the ap-
pearance of a magnetic order in this TCNQ monolayer. Firstly, we will briefly discuss the
conditions for obtaining a fully spin polarized ground state in a purely organic material.
Later, we will investigate the TCNQ monolayer on graphene/Ru(0001) system by means of
spin polarized calculations and SP-STS experiments in order to check the existence of a long-
rage magnetic order. Finally, we will discuss the possible sources of artifacts in the SP-STM
experiments.
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6.2.1 Band ferromagnetism in organic materials
Organic magnets have attracted sustained interest for both their fundamental properties
and their potential technological applications [116]. V(TCNE)2 was the first example of an
organic magnet with a Curie temperature,TC, above room temperature (TC = 400 K) [117].
The mechanism to achieve long-range magnetic order in these systems was the introduc-
tion of metal ions in the organic matrix, which induce antiferromagnetic coupling between
the localized spins of the metal ion and the radical organic anions. Other advances rely in
charge transfer processes that generate organic anions with magnetic properties, like the
case of high-temperature selected metal–cyanide-based organometallic magnets [118]. An-
other example is TDAE-C60, where unpaired electrons localized on C60 molecules become
ferromagnetic below TC = 16 K [119]. All the previous examples contain a mixture of metal-
lic atoms and organic molecules, however, no examples are known, so far, of purely organic
molecules with a magnetic moment originated from delocalized bands, as e.g. in Co, Ni or
Fe, the classic ferromagnetic metals.
Recently, a theoretical proposal was made for a novel possibility of a band ferromagnetism
in a purely organic polymer [120]. They found a chain of five-membered rings (polyamino-
triazole) which presents a flat band that doped appropriately with a gate voltage can be
half-filled and develops a ferromagnetic ground state. These results are based on theoretical
studies on the ferromagnetism using the Hubbard model. The Hubbard model was proposed
in 1963 by J. Hubbard who introduced a Hamiltonian in order to model electronic correla-
tions in narrow energy bands and gave a number of different approaches to the associated
many-body problem [121]. In its simplest version, it describes tight-binding electrons where
the interaction among them is modeled with an on-site Coulomb interaction U, a parame-
ter of the model. Since the number of electrons per atoms is fixed, the Coulomb interaction
U can favor the formation of a magnetic moment. The first rigorous example of ferromag-
netism in the Hubbard model was suggested by Y. Nagaoka 50 years ago [122]. Nagaoka’s
ferromagnetism establishes that certain Hubbard models have a ferromagnetic ground state
in a narrow, almost half-filled s band with a strong Coulomb interaction U. Later, E. H. Lieb
[123], A. Mielke [124] and independently H. Tasaki [125], extended Nagaoka’s results and
proved that for different classes of half-filled flat band models with a Coulomb interaction
U > 0, a fully spin polarized ground state is guarantee. These effects are now known collec-
tively as flat band ferromagnetism. However, experimentally no organic materials which such
flat band have been synthesized yet.
6.2.2 Spin polarized organic bands in TCNQ monolayer
As anticipated in the previous chapter, the graphene layer transfers charge to the TCNQ
monolayer on graphene/Ru(0001). The transferred charge is delocalized along an inter-
molecular band that results from the hybridization of the TCNQ frontier molecular orbitals.
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Configuration µ(µB ) /molecule ∆E = EConfiguration − EBS(meV)
NM 0.0 (0.0) 0.0 (0.0)
HS 0.5 (0.5) 105.1 (106.6)
Free 0.24 (0.24) −53.90 (−52.40)
Table 6.3: Magnetic moments per molecule and relative energies per unit cell, ∆E, of different
magnetic configurations for a free standing TCNQ monolayer charged with 0.5 electrons per molecule.
LS: Low spin configuration; HS: high-spin configuration; Free: configuration in which the magnetic
moments have been allowed to relax without constraints. Data in parentheses are referred to the
calculations performed using the non-collinear DFT framework, including spin-orbit coupling [36,
106].
Spin polarized calculations reveal that the most stable configuration for TCNQ monolayer
adsorbed on graphene/Ru(0001) corresponds to the spin of the electrons that occupy the
SOMO-derived band aligned parallel, following the behavior for the dimer (Fig. 6.10) where
this delocalization allows, by virtue of a sort of giant intermolecular Hund’s rule, that the
electron spins remain parallel to each other. For a unit cell containing eight TCNQ molecules,
the corresponding calculated magnetic moment is 1.3 µB (0.18 µB/molecule).
To confirm the robustness of these results, Table 6.3 shows the magnetic moment per
molecule and relative energies per unit cell, ∆E, of different magnetic configurations for
a free-standing TCNQ monolayer charged with 0.5 electrons/molecule and with the same
corrugated geometry as the adsorbed one. This simpler model allows us to understand the
physics of the system in a realistic way because, as we conclude from our experiments, the
role of the graphene/Ru(0001) substrate is just to provide the appropriated charge to the
TCNQ molecules and, simultaneously, decoupled them from the ruthenium substrate. In the
Table 6.3, three different electronic configurations are shown; non magnetic configuration
(NM) where the difference between the spin-up and spin-down electron of the supercell has
been forced to be 0, high-spin configuration (HS) in which this difference has been forced to
be 4 and free configurations (Free) in which the difference between spin-up and spin-down
electrons is allowed to vary without constrains. Accordingly, the magnetic order is favorable
in the TCNQ monolayer by 50 meV, with a magnetic moment of 0.24 µB/molecule. This result
does not vary significantly after the inclusion of the spin-orbit effects (data in parentheses
in Table. 6.3) or employing the larger 5× 5× 1 grid of k-points, instead of the 3× 3× 1 one
[36, 106]. In conclusion, a charged, free-standing TCNQ monolayer with the geometry found
experimentally develops a complex, probably non-collinear, long-range magnetic order.
Furthermore, the calculations also reveal that the corresponding bands in the reciprocal
space are almost flat and have a magnetic character. Figure 6.15a shows the calculated
electronic density distribution of the Γ-point of the first empty band for a free-standing
TCNQ monolayer with the same corrugated geometry as the real TCNQ monolayer on
95
6 Magnetic structure: From Kondo effect to long-range magnetic order
Figure 6.15: (a) Electronic density distribution at the Γ-point of the first empty band for an isolated
TCNQ monolayer, calculated using the same unit cell (black dashed line) and geometry of the actual
TCNQ monolayer on graphene/Ru(0001). Carbon, nitrogen and hydrogen atoms are shown on cyan,
blue and white respectively. (b) Same as (a) but for a planar TCNQ monolayer. (c) Band structure
and density of states of planar TCNQ monolayer, for increasing amounts of extra charge (from left
to right). Leftmost panel shows the electronic density distribution at the Γ-point (average in the z-
direction) of the bands formed by the anti-symmetric (blue) and symmetric (green) combinations of
TCNQ’s LUMO. Solid and dashed lines refer to spin-up and spin-down components. The red inset
shows the unit cell of the first Brillouin zone [106].
graphene/Ru(0001). The dashed black line represents the (11× 11) moiré unit cell that con-
tains eight TCNQ molecules. In agreement with the experimental STM images (see Fig. 5.6),
the intermolecular band results for the anti-symmetric combination of the LUMO of the
TCNQ molecules. In order to simplify the calculations and due to the weak interaction with
the substrate, the electronic density distribution at the Γ-point of the first empty band for
a planar, free-standing TCNQ monolayer was calculated, see Fig. 6.15b. The shape of these
bands is indistinguishable from the ones calculated for a corrugated free-standing mono-
layer, but the smaller size of the unit cell with only two molecules (marked with dashed
black lines in Fig. 6.15b) allows a more clear analysis of the dispersion of the bands. In
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Fig. 6.15c, leftmost panel shows the electronic density distribution at the Γ-point (average
in the z-direction) of the bands formed by the anti-symmetric (blue) and symmetric (green)
combinations of TCNQ’s LUMO. The red inset shows the unit cell of the first Brillouin zone.
Center and right panels of Fig. 6.15c show the band structure and density of states of neutral
and charged planar TCNQ monolayer. The solid and dashed lines refer to spin-up and spin-
down components. As can be seen the LUMO-derived band, which is almost flat and com-
pletely empty for a neutral monolayer, remains flat but splits for a monolayer charged with
0.5 electrons/molecule. It splits in a spin-up almost completely filled band (SOMO-derived
band) and in the spin-down counterpart empty band (SUMO-derived band), in agreement
with our STS experiments (Sec. 5.1). The spin polarized calculations suggest then that the
charged TCNQ monolayer develops a nearly half-filled flat band with a magnetic order
ground state. Therefore, TCNQ monolayer on graphene/Ru(0001) might be the first exam-
ple of an organic material exhibiting long-range magnetic order.
6.2.3 Imaging the spin contrast of the magnetic TCNQ domains
To test the predictions about the long rage magnetic order in TCNQ monolayer on graphene/
Ru(0001) we perform SP-STS experiments at low temperature. The aim of our experiments
is to use magnetic Fe/W tips sensitive to in-plane magnetization as a probe to extract mag-
netic information about our sample. For this purpose, magnetic tips were prepared following
the treatment described on Sec. 2.3.3. These tips were tested on Mn films grown on Fe(001)
system. The Fe covered tips reproduce the magnetic contrast between adjacent terraces due
to the antiferromagnetic layered structure of the Mn films (Fig. 2.3), although the intensity
in the signal changes from tip to tip due to the lack of control on the tips magnetization.
For TCNQ monolayer on graphene/Ru(0001), the hierarchical way of growing of the TCNQ
molecules on the substrate allows the existence of domains with the axis of the molecules ro-
tated between domains. As a consequence, in the TCNQ monolayer is expected the existence
of magnetic domains due to the difference in the angular orientation of the TCNQ molecules
and, therefore, in the spin polarized intermolecular bands. The existence of these domains
will allow us to get SP-STM images with contrast without an external magnetic field. In such
a way, we expect different current intensities in different TCNQ domains for a given tip mag-
netization direction. Furthermore, spin polarized calculations revealed that SUMO-derived
and SOMO-derived bands are spin splitted, therefore, the intensity of these resonances in
the spin polarized dI/dV spectra for different domains should be opposite. If the peak
that corresponds to the SOMO-derived band is more intense in domain A, the counterpart
SUMO-derived peak should be more intense in domain B, because the frontier resonances
present opposite spin polarization. Simultaneously, the intensity of the peaks corresponding
to the double occupied HOMO-derived band should not change between domains.
Figure 6.16 shows the STS experiments on a TCNQ monolayer with two domains per-
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Figure 6.16: (a) STM topographic image (16× 10 nm2) of two TCNQ domains on graphene/Ru(0001)
measured with a Fe coated tip at 4.6 K with the tunneling gap stabilized at Vb = −1 V and It = 40 pA.
(b) Similar STM topographic image (16 × 10 nm2) than (a) measured with W tip at 4.6 K with the
tunneling gap stabilized at Vb = −1 V and It = 20 pA. The black lines in (a) and (b) indicate the long
axis of the TCNQ molecules in the molecular domains. (c) Spin polarized dI/dV curves averaged
over three unit cells of the moiré superstructure for the left (red) and right (black) domains of (a).
The individual curves have been taken at 4.6 K using a Fe/W tip with the tunneling gap stabilized at
Vb = +1.5 V and It = 40 pA. The three peaks correspond to the HOMO (at −1.8V), SOMO (at −0.7 V)
and SUMO (at +0.7 V) bands. (d) Spin integrated dI/dV curves averaged over three unit cells of the
moiré superstructure for the left (red) and right (black) domains of (b). The individual curves have
been taken at 4.6 K using a W tip with the tunneling gap stabilized at Vb = +1.5 V and It = 20 pA.
[106].
formed with a W tip and Fe/W tip. In both cases, the dI/dV signal was acquired by means
of lock-in techniques by adding an AC component to the gap voltage (Vmod = 50 mV RMS
and ν = 703 Hz) while the DC component of the gap voltage was ramped linearly and the
feedback circuit was switched off. Figure 6.16c and Fig. 6.16d compare the dI/dV in the
two domains of the constant-current topographic image of Fig. 6.16a and Fig. 6.16b mea-
sured with a magnetic tip and non magnetic tips, respectively. The analysis of the dI/dV
spectroscopy for a TCNQ monolayer on graphene/Ru(0001) is not an easy task as we saw
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Figure 6.17: (a) STM topography (20 × 12 nm2, Vb = −0.7 V, It = 20 pA) of a TCNQ monolayer
on graphene/Ru(0001) measured at 4.6 K where two TCNQ domains are shown. (b) Spin polarized
dI/dV map recorded simultaneously with the topography of (a) at −0.7 V (energy of the SOMO-
derived band). (c) Left panel: normalized dI/dV histograms corresponding to each domain in the
dI/dV map of (b). It shows a clear shift in the average intensity of the SOMO band. Right panel:
average of 70 profiles acquired on the dI/dV map of (b) corresponding to the rectangular region.
The average intensity of each domain is indicated by the red (left domain) and green (right domain)
dashed lines.
in Sec. 5.1. Although, the same three features that we identify with the HOMO, SOMO and
SUMO bands appear for all the molecules, depending on the adsorption site, the molecule-
substrate interaction change and, in turn, the intensity and energy position of the peaks may
be modified. For this reason, we compare the spin-resolved differential tunneling conduc-
tance averaged over three moiré unit cells which contains around 30 molecules. Notice that
the individual curves of Fig. 6.16c and Fig. 6.16d have been taken at 4.6 K with the same
tunneling gap stabilized at Vb = +1.5 V, in order to avoid artifacts (see next subsection for
more information). The spin polarized dI/dV curves exhibit, as expected, different intensity
for the SOMO peaks in both domains and a reversal in the intensity signal for the SUMO
peaks. On the other hand, the intensity of the HOMO peak is the same in both domains, as
expected, for a spin unpolarized band. These differences are no visible in the spin integrated
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dI/dV curves of Fig. 6.16d.
Taking advantage of the spatial resolution provided by STM, we can also obtain a mag-
netic contrast map of the surface. Figure 6.17 shows the analysis of the magnetic intensity of
a magnetic contrast map of the SOMO-derived band in two TCNQ domains. The spin polar-
ized dI/dV map for the spin polarized SOMO level at −0.7 eV (Fig. 6.17b) was obtained with
a Fe-coated tip at 4.6 K and measured simultaneously with the topographic image shown in
Fig. 6.17a. Although, it reveals a magnetic contrast between the two TCNQ domains, inside
each domain, there are periodic differences in the intensity of the SOMO level for molecules
located on high and low areas of the moiré as discussed previously. In order to compare
both domains, we choose the area indicated by a rectangle in Fig. 6.17a and 6.17b where
each domain is highlighted by red (left domain) and green (right domain) color. The average
intensity of the SOMO-derived band measured in one domain is larger than in the other, as
demonstrated the histogram and the average profile of Fig. 6.17c. The histograms are mea-
sured on the colored areas of the spin-resolved dI/dV map of Fig. 6.17b while the profile
corresponds to an average of 70 profiles acquired on the rectangular area of the same dI/dV
map. The different average intensity values in each domains are in good agreement with the
spin polarized data shown in Fig. 6.16. Similar images recorded with a non magnetic tip only
show the periodic differences in the intensity of the SOMO-derived band inside each domain
without any measurable difference from domain to domain. These observations indicate the
existence of long-range magnetic order in the TCNQ adlayer at 4.6 K.
6.2.4 Data reproducibility and possible sources of artifacts
There are a number of issues that may produce artifacts in the SP-STS spectra. The most
relevant ones are the shape and composition of the apex of the tip, the stray field produced
by the ferromagnetic coating of the W tip and the influence of the tunneling parameter used
to stabilize the distance between tip and sample during the measurements. Special care has
been taken to reproduce the experimental results and to avoid all the mentioned artifacts in
our measurements as explained below.
Data reproducibility
The issue of reproducibility in SP-STM measurements is always delicate and we have care-
fully addressed it. An additional example of the spin contrast is now shown Fig. 6.18.
Figure 6.18b shows individual spin-resolved differential tunneling conductance spectra for
TCNQ on graphene/Ru(0001) recorded on equivalent molecules of two different domains.
The data was measured simultaneously with the topographic image in Fig. 6.18a using a Fe
coated tip at 4.6 K. The spin polarized tunneling spectra show a different intensity for the
spin polarized SOMO level at −0.7 eV and SUMO level at +0.75 eV in the two domains. The
intensity is lower for the SOMO in the left domain while it is higher for the SUMO. On the
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contrary, the intensity of the double occupied, and, therefore, spin unpolarized HOMO level
at −2.1 eV is identical in both domains. The change in intensity of the SOMO and SUMO
in the spin polarized dI/dV curves in this figure is 17 %, i.e., comparable in magnitude to
those measured in magnetic metallic substrates (see Fig. 2.3). The signal change is also com-
parable with the values obtained for TbPc2 molecules deposited on a ferromagnetic surface,
as recently reported by J. Schwöbel et al. [8].
Figure 6.18: (a) STM topography (19.7× 12.2 nm2) of TCNQ monolayer grown on graphene/Ru(0001)
recorded at 4.6 K with the tunneling gap stabilized at Vb = −1.0 V and It = 20 pA. The black lines
mark the long axis of the TCNQ molecules on the domains aligned in different directions. (b) Individ-
ual dI/dV curves measured with a Fe coated tip on equivalent molecules in the lower areas of both
domains of (a). The three peaks correspond to the HOMO (broad peak at −2.1 V), SOMO (at −0.7 V)
and SUMO (shoulder at +0.75 V) molecular bands [106].
Influence of the tunneling parameters
During the acquisition of SP-STS data in different magnetic domains is important to be sure
that the tip sample distance does not change when the tip is moved from one domain to the
next. In our case, special care has been taken to avoid the energy of any of the molecular
bands when choosing the bias voltage used to stabilize the feedback loop. In this way, we are
minimizing changes in the tip-sample distance when moving from one domain to the next
that may produce artificial changes in the peak intensity. In addition, measurements taken
using negative or positive bias voltages to stabilized the feedback show that the magnetic
contrast are independent of the sign of the bias voltage.
Influence of the tip structure
The shape of the magnetic tip has also a direct influence on the spin polarized experiments.
The asymmetries and contamination of the tip apex may reduce the spin polarization or
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produce a magnetic stray field (see below) [6]. In order to avoid the contamination of the tip,
a clean environment has to be guarantee. Regarding this issue, we prepared our Fe coated
tips in-situ, besides, during the Fe evaporation the pressure was kept below 2× 10−9 mbar.
A critical moment after tip preparation is the approach to the surface, a control approach
is fundamental to avoid drops of material from the tip or a crash between the tip and the
sample. On the other hand, we pay special attention to the spatial resolution of the spin
polarized images during the data acquisition, excluding the topographic images that present
strange resolution which can probably be produced by an asymmetric tip.
Comparing the averaged dI/dV curves shown in Fig. 6.16 and the individual ones in
Fig. 6.18 also illustrates the reproducibility of the observations using different Fe coated
tips and TCNQ domains. Similar observations have been made with dozens of tips with
only 10 % of them yielding non-reproducible results. The shape and energy positions of the
HOMO, SOMO and SUMO levels change slightly from tip to tip due to the influence of
the tip apex electronic structure, but the simultaneous appearance of the three peaks in the
same spectrum allows us to discard a major influence of the tip electronic structure in the
change in intensity of the SOMO and SUMO levels for a given experimental run. The small
shift in the energy position of the peaks observed with different Fe coated tips is ascribed
to the electric field produced by the tip that has a minor effect on the energy position of
the molecular orbitals when the molecules are sufficiently decoupled from the substrate, as
occurs it in this case.
Influence of the tip stray field
The influence of the stray field of the tip on the domain structure of the sample is another
crucial parameter which has to be considered. A sizable stray field can modify or destroy the
intrinsic domain structure of the sample. The tips used for our spin polarized measurements
are clean W tips coated in-situ with 20 ML of Fe. It was reported, for Fe coating higher
than 100 ML, magnetic modifications induces by the tip. For instance, M. Bode et al. found
asymmetry images of Gd(0001) islands grown on a W(110) substrate for tip coated by an Fe
film of approximately 150 ML thickness [126]. In this case, the magnetic switching of the tip
can be ruled out since other Gd islands are imaged unchanged in subsequent scan lines. It
has been shown also that the stray field produce by ultrathin ferromagnetic film tips (3 ML
of Fe/W tip) is enough to erase the magnetic domains in soft ferromagnetic materials and,
therefore, to reduce the contrast in the spin polarized dI/dV maps [6]. However, there are no
examples of the tip stray field inducing the appearance of domains in a paramagnetic system.
Concerning the influence of the magnetic stray field in our spin polarized measurements, we
thus conclude that the magnetic domains imaged here are not due to the stray field. It is
worth to recall that in order to take topographic images or measure the dI/dV curves (spin
polarized or not) a very small tunneling current (always below 100 pA) is used to reduce
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the interaction between the tip and the molecules, otherwise the tip moves the molecules
during the measurements. The correspondingly large tip-surface distance will also decrease
substantially the effective stray field.
6.3 Conclusions
In this chapter, we focused on the study of the magnetic properties of molecules on graphene/
Ru(0001). In the first section, we explored the rich physics of the Kondo effect on purely or-
ganic materials on graphene/Ru(0001). We showed that the graphene layer provided the
appropriate extra charge to the TCNQ molecules which develop a magnetic moment. These
results were verified by measuring the corresponding Kondo resonance with local STS at
low temperature. As the calculations predicted, the Kondo resonance depends strongly on
the adsorption site of the molecule within the moiré unit cell. This dependence was further
confirmed for higher TCNQ coverages and for F4-TCNQ molecules on the same surface. Be-
sides, the characteristic inelastic Kondo features associated to some TCNq vibrational modes
were observed and spatially identified in the dI/dV maps. The Kondo temperature for each
system were obtained fitting the dI/dV to a Fano line shape.
The study of this Kondo effect at single molecule level on graphene/Ru(0001) provides
us the important information about the molecule-substrate interaction. Graphene/Ru(0001)
offers the possibility of get different molecule-substrate interaction leading to different spin-
electron coupling between the molecules and the conduction electrons of the substrate. The
role of the graphene layer is just to modulate the interaction between the conduction electron
of the Ru and molecules.
In the second section, the appearance of long-rage magnetic order on TCNQ monolayer on
graphene/Ru(0001) was discussed and probed by SP-STM. The molecular self-organization
of TCNQ spontaneously leads to the formation of intermolecular, flat electronic bands ex-
tending all over the monolayer. The bands are spin split, with only the majority spin band
being occupied. The existence of the corresponding long-range magnetic order is detected
by spin polarized STM at 4.6 K.
The existence of fully spin polarized electronic bands in a single organic monolayer can
be used to produce an efficient spin filter out of graphene, because an electron current of
both spins injected into TCNQ/graphene will become spin polarized due to the preferen-
tial transport of minority spins in the empty band. This would allow one to add magnetic
functionalities to graphene, a topic of the utmost interest these days.
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The investigation of the fundamental electronic and magnetic properties of molecular organic
materials and their interaction with solid surfaces constitutes a valuable source of knowledge
for potential technological applications. As an initial step in this field, this thesis presents a
study of electron acceptor molecules on epitaxial graphene. First, the graphene/Ru(0001)
and the graphene/Ir(111) surfaces were grown and well characterized (Chap. 3), thereupon
we moved to explore the molecular adsorption behavior of TCNQ and F4-TCNQ molecules
on these surfaces. The structural, electronic and magnetic properties of these systems were
unveiled by means of scanning tunneling microscopy and spectroscopy and the main con-
clusions of each aspect are described following.
Concerning the structural properties (Chap. 4), we concluded that the self-assembly pro-
cess of TCNQ and F4-TCNQ molecules are governed by the properties of the graphene
surface. For graphene/Ir(111), the weak interaction between the graphene layer and the un-
derneath metallic substrate gives rise to an electronically homogeneous surface where the
intermolecular interaction dictates the molecular order. Contrariwise, the geometric and elec-
tronic corrugations of the graphene/Ru(0001) surface lead, at early stages of coverage, to a
preferential adsorption of the molecules ending in a supramolecular structure stabilized by
the mutual interaction between them.
Furthermore, the decoupling of the adsorbed molecules from the highly reactive metallic
substrate by the graphene allows us a direct imaging of their detailed electronic structure
(Chap. 5). In the case of TCNQ adsorbed on graphene/Ru(0001), it was found a sizable
charge transfer from the graphene to the single TCNQ molecules leading to the partial occu-
pation of the LUMO of the neutral molecules. This charge transfer process does not occur for
the same molecule on graphene/Ir(111) surface. The formation of a TCNQ monolayer can
be understood then as a combination of hydrogen bonds and the delocalization of charge
across a new spatially extended intermolecular band in the case of the TCNQ monolayer
on graphene/Ru(0001). This intermolecular band is not developed for TCNQ monolayer on
graphene/Ir(111) where the filling of the LUMO derived bands is rather small.
Finally, we focused on the study of the magnetic properties (Chap. 6) of TCNQ molecules
on graphene/Ru(0001). We showed that isolated TCNQ molecules developed a magnetic mo-
ment due to the localization of an unpaired electron into its LUMO. The appearance of this
magnetic moment was verified by measuring the corresponding Kondo resonance with local
tunneling spectroscopy at low temperature. The role of the graphene layer in this process is
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to transfer the precise charge to the molecules and modulate the coupling strength between
the TCNQ and the underlying ruthenium substrate leading to a site dependent Kondo e-
ffect. This dependence was further confirmed for higher TCNQ coverages and for F4-TCNQ
molecules on the same surface. Upon completion of the TCNQ monolayer, the delocaliza-
tion on the spatially extended bands preserves the parallel orientation of the electron spins.
The existence of the corresponding long-range magnetic order on the TCNQ monolayer on
graphene/Ru(0001) was detected by SP-STM experiments.
In summary, the results presented in this thesis provides a good insight into the control
and the understanding of the growth of thin films of organic molecules on epitaxial graphene.
These investigations illustrate also the power of LT-STM in the characterization at atomic
scale of the electronic and magnetic properties of these organic systems. Remarkably, the
manuscript presents the first experimental and theoretical evidence for the existence of long-
range magnetic order in delocalized bands at temperatures above 4 K in a purely organic
molecular monolayer deposited on epitaxial graphene. These findings paves the way to add
new functionalities of graphene, a topic of the utmost interest these days.
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La exploración a nivel fundamental de las propiedades electrónicas y magnéticas de materia-
les orgánicos y su interacción con superficies, constituye una valiosa fuente de conocimiento
para sus potenciales aplicaciones tecnológicas. Como primer paso en este campo, esta tesis
presenta el estudio de moléculas aceptoras de electrones en grafeno epitaxial. En primer
lugar, se creció y caracterizó las superficies de grafeno/Ru(0001) y grafeno/Ir(111) (Cap. 3)
donde posteriormente se estudió la adsorción de las moléculas de TCNQ and F4-TCNQ.
Las propiedades estructurales, electrónicas y magnéticas de estos sistemas se investigaron
mediante microscopía y espectroscopia túnel de vacío. Las principales conclusiones de cada
uno de estos aspectos se describen a continuación.
En lo que respecta a las propiedades estructurales (Cap. 4), concluimos que el proceso de
autoensamblado de las moléculas de TCNQ y F4-TCNQ está gobernado por las propiedades
de la capa de grafeno. En el caso de grafeno/Ir(111), la débil interacción entre la película de
grafeno y el metal de debajo da lugar a una superficie electrónicamente homogénea donde
la interacción intermolecular determina el orden. Por otro lado, las corrugaciones geométri-
cas y electrónicas de la superficie de grafeno/Ru(0001) conduce, en las primeras etapas de
crecimiento, a una adsorción preferencial de las moléculas en la superficie acabando en una
estructura supramolecular estabilizada por la mutua interacción entre las moléculas.
Además, el desacoplo de las moléculas adsorbidas, de la superficie altamente reactiva
del metal por parte del grafeno permite obtener una imagen detallada de su estructura
electrónica (Cap. 5). Para las moléculas adsorbidas en grafeno/Ru(0001) se encontró una
transferencia de carga considerable por parte del grafeno que da lugar a la ocupación parcial
del LUMO de las moléculas neutras. Este proceso de transferencia de carga no sucede para
la misma molécula en grafeno/Ir(111). Tras estos estudios, la formación de una monocapa
de TCNQ en grafeno/Ru(0001) se puede entender como la combinación entre enlaces de
hidrógeno y la deslocalización de carga a lo largo de una nueva banda intermolecular. Esta
banda intermolecular no se forma en el caso de la monocapa de TCNQ en grafeno/Ir(111)
donde el llenado de las bandas derivadas del LUMO es casi despreciable.
Por último, nos centramos en el estudio de las propiedades magnéticas (Cap. 6) de las
TCNQ en grafeno/Ru(0001). Se demostró que las moléculas aisladas de TCNQ desarrollan
un momento magnético a causa de la localización de un electrón desapareado en su LUMO.
La aparición de este momento magnético se verificó mediante la medición por espectros-
copia túnel local a baja temperatura de la resonancia Kondo correspondiente. El papel de
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la capa de grafeno en este efecto es la transferencia de la carga adecuada y la modulación
de la fuerza de acoplamiento entre la molécula y el sustrato de rutenio de debajo dando
lugar a un efecto Kondo dependiente de la posición de adsorción. Esta dependencia fue
confirmada para recubrimientos mayores de TCNQ y para moléculas de F4-TCNQ en la
misma superficie. Además, una vez completada la monocapa de TCNQ en grafeno/Ru(0001),
la deslocalización en las bandas extendidas preserva el ordenamiento paralelo de los espines
de los electrones. La existencia del correspondiente orden a largo alcance en la monocapa
de TCNQ en grafeno/Ru(0001) es detectado mediante experimentos de STM polarizado en
espín.
En resumen, los resultados presentados en esta tesis proporcionan una nueva perspec-
tiva en el conocimiento sobre el control y crecimiento de películas delgadas de moléculas
orgánicas sobre grafeno epitaxial. Estas investigaciones ilustran también el poder del LT-
STM en la caracterización a nivel atómico de las propiedades electrónicas y magnéticas de
estos sistemas orgánicos. En particular, este manuscrito presenta las primeras evidencias ex-
perimentales y teóricas de la existencia de un orden magnético de largo alcance en bandas
deslocalizadas por encima de 4 K en una capa molecular puramente orgánica crecida en
grafeno epitaxial. Estos descubrimientos abren las puertas a añadir nuevas funcionalidades
al grafeno, un tema de gran interés en los últimos años.
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